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ABSTRACT

The monograph correlates results of many years work of various

Scientific Research Institutes of the Soviet Union, in particular of the

Physioe-mechanical Institute of the Academy of Sciences of the Uzbek SSR,

as well as of those in other countries, in the sphere of methods aad

apparatus development for the geophysical serial electric prospecting of

useful minerals. It presents an estimate of the primary electromagnetic

fields. Gives analysis of interferences of various origins, affecting the

receiving-measuring channel. Discusses electric eompensatien methods of

the primary field signal, etc.

It is meant for specialists of general and geophysical instruments

engineering and geophysical electric prospecting. It should also be useful

for students of corresponding trades.

Ch. Editor B.I. Blazhkevitch

Dr. of Techn.Sciences.

- 2



- 2 -

FOREWORD

In the general complex of geophysical investigations, both in USSR

and in other countries, the importance of aerial geophysical prospecting

progressively increases.

At present the following methods are being applied in the aerial

geophysical prospecting: photosurveying, magnetic prospecting, gamma-ray

and gravity surveys and electric prospecting (6, 9, 26, 27, 51, 103, 142, 158,

240). Each one of the indicated methods has its eon characteristics and

limits of application. Magnetic prospecting and gamma-ray survey could be

rated as the most highly developed method, gravity survey as the least.

During the last decade electric prospecting has become widely idopted in

airborne geophysical investigations.

The aerial geophysical investigations were initially conducted in

Soviet Union in 1939 by A.A. Legatchev and A.T. Mainborod, who used

magnethete in experimenting during a flight (26). In 1939 the All Union

Geological Institute (VSEGEI) has founded the first aeromagnetic party

in the world.

In other countries the airborne geophysical investigations have begun

considerably later. Specially in USA this type of investigations were not

conducted until 1946.

Aerial geophysical prospecting has the advantages of low cost, high

speed of eperations, possibility of investigating roadless areas as well

as inaccessible areas ground-work and continuity and objectivity of

measuring results. The shortcomings of these methods are complexity of

operations in high mountain conditions and difficulty of horizontal alignment

in these localities.
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The initial development of aerial electric prospecting was begun only

in the fiftees. The idea of creating this type of methods for prospecting

was nascent as far back as the thirties-forties (168, 202, 203). However,

the realization was hampered by non-availability, at that tines, of high-

response noiseproof measuring apparatus, capable of operating in flying

conditions.

The first practical attempt to switch over from ground electric

prospecting to airborne was undertaken in 1946 in Canada by "Lundberg

Exploration Co." Investigations on a small scale were carried out by means

of generating and receiving apparatus, but the results obtained were found

to be inconclusive.

The most successful, apparently, was the apparatus of another Canadian

firm "Internation Nickel Co." With the use of this firm's apparatus a

discovery was made in 1950 of massive sulphides deposit in New Brunswick

(Canada). Then in 1955 appeared the apparatus of the swedish firm "ABEMI",

the apparatus of "American metal and Co.", two-frequency apparatus of the

Canadian firm "Aeromagnetic Service Ltd., Toronto" and others. The indicated

apparatus was operated, as a rule, by the induction method with the use of

harmonic fields (6, 158, 258, 263, 267).

The typical features of the first developments outside c: USSR were

their advertisement and "secrecy". Each firm or company advertised its own

version of aeroelectric prospecting, without any serious analysis of its

realistic possibilities. Recently the curtain of secrecy has been to some

extent lifted (166, 167, 211, 254, 263), but not enough for an exact concept

of principles in design of the apparatus, nor of the methods applied for

interpretation of obtained results.

In the Soviet Union the aerial electric prospecting is developing

systematically. It's scientific fundamentals and industrial applications

are coordinated by the Ministry of Geology of USSR and Academy of Sciences
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of USSR.

Scientific organisations of the Institute of Earth's physica (1vZ) of the

Academy of Sciences of USSR, Moscow State University (GU), All Union

Scientific Research Institute of hethods and Technique of Geophysical pros-

pecting (VITR) of the Ministry of Geology of USSR, All Union Scientific

Research Institute of Prospecting Geophysics (VIRG) of the Ministry of

Geology of USSR and others, are resolving theoretical questions and problems

of interpretation, and substantiating spheres of application and the possibility

of applying airborne electric prospecting for geological mapping and

exploration of useful minerals.

The co-workers association of the Physico-Mechanical Institute of the

Science Academy of Uzbek 3SR (formerly Institute of Hechanical Engineering

and Automatics of the Academy of Sciences of Uzbek SSR) is actively partici-

pating in the development of apparatus for aerial electric prospecting. As a

result of extensive scientific research, many important questions relating to

the methods and technique of electric prospecting have been resolved. Principles

have been laid down for designing,generating and measuring apparatus for certair

methods,which have found application in the national geophysical practice.

The first method-testing aerial electric prospecting in USSR was

conducted in 1957-59 in the area of iaidan-Villa r.st. of Shepetovsky District

in Khmelnitsky region of Uzbek 6SR. The tests were conducted by two methods -

method of infinitely long cable (BDK) and method of induction (plane version

with an out-board gondola) (89, 102, 103, 105, 123, 132). Using experience

of the testing and production work of aerial electro-prospecting apparatus,many

organisations began intensive development of known and new versions of the

indicated methods. Thus, VITR has developed a version of induction method

with the use of revolving magnetic field (V!.&), Institute of automatics and

electrometry of the Academy of Sciences of USSR has suggested a method of

aerial electro-prospecting with the use of the natural magnetic field of
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Earth*, etc.

In the development of various systems of apparatus for airborne electric

prospecting primary consideration was paid to experience accumulated, as a

rule, in small organizations. As a result many methods were suggested with

various technical indices and sets of apparatus with many types of

characteristics (competence of generating unit, response of receiving unit,

working frequencies, etc.).

At present the number of methods for airborne electric prospecting

has attained several scores. It should be mentioned,that the induction

method has the highest rate of development (63, 66, 67, 117, 181, 234, 263).

In the national development of aerial electro-prospecting, the work

of Western Khazakstan and Novesibirsky geophysical combines is of high

theoretical and practical value.

During the last few years many scientific works have begun classifing

the results of aerogeophysical survey (41, 42, 63, 66, 69, 117, 216).

Attempts were made to determine application limits of aerial electre-prospecting

specify problems resolvable by its means and to analyse the possibility of

combining it with other aerogeophysical methods. Some major problems regarding

data interpretation have been resolved. However, none of these works pay

enough attention to the principles of instrument engineering, typical

requirements of devices in flying conditions and many other problems.

*The sam institute has developed and produced a set of devices for BDK

method (method of infinitely long cable), different from those produced in

Uzbek SSR and Ministry of geology of USSR (105, 118).
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The number of problems resolvable by airborne electric prospecting

continuously increases. Therefore it has become necessary to correlate

the main data, relating to technical fundamentals of airborne electric

prospecting generally and airborne electric prospecting with harmonic field

in particular. The aims of the presented monegraph is to systematise the

technical fundamentals of the method with harmonic field.

The authors are sincerely grateful to Dr. B.I. Blaszhkevitch for his

valuable advice in the preparation of manuscript.

Any critical remarks and suggestions should be sent to the following

address: L'vov, ul.Mauchnaia, 5, Fizike-mekhanicheski institut AN Usbek SSR.
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PART ONE

PHYSICAL FUNDAMENTALS OF AIRBORNE ELECTRIC

PROSPECTING WITH HARMONIC FIELD.

Chapt. I - CLASSIFICATION AND GENERAL CHARACTERISTICS OF METHODS APPLIED

IN AIRBORNE ELECTRIC PROSPECTING.

1. Problems of airborne electric prospecting.

Experience has proved the effectivity and economical expediency of

this method, specially in inaccessible locality. It is being successfully

applied in detecting and tracing of sulphide ore, electric mapping of large

areas, the search of fresh water, problems of applied geology, etc. (163, 166,

170, 190, 201, 202, 209, 263).

Same as all the other geophysical methods of prospecting for useful

minerals, airborne electric prospecting finds a wide range of application in

combination with other aeregeephysical and ground methods of exploration (26,

166, 169, 184, 202). In some cases it may resolve indpendent problems, in

others it gives the basic or auxiliary information in the interpretation of

field material (6, 8, 190). But sometimes its application may be found

altogether irrational (51, 202).

Diversity of problems facing airborne electric prospecting, variability

of geological and physical conditions, in which it may be used as a form of

aerial geophysical exploration, require different means for the study of

measurable parameters, methods of interpretation and, moreover, assume

existence of several already worked out methods of airborne electric

prosppecting.

For a resolution of a certain problem the choice of method for

airborne electric prospecting is predetermined by two main criteria. The

first is connected with physical properties and dimensions of the typical

conductive body, which is being sought, the second - with geological
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conditions, topography or with chemical and physical features of the

exploration area. Effectivity of airborne electric prospecting is

determined also by rational selection of method for aerial investigations

and correct interpration of obtained'results.

From reconnaissance and mapping to detailed exploration from the air

of limited areas in the search for purely ore objects - is the range of

problems resolvable by airborne electric prospecting. However for concrete

geological conditions the number of these problems is, of course, limited

and is subject for special investigations.

Unfortunately upto now, questions regarding development of concrete

and specific problems, resolvable by airborne electric prospecting

independently or in combination with other geophysical methods have not as

yet been clearly formulated and are not elucidated, neither by special

literature, nor by any text books, which limits to a certain extent its

application.

Concretisation of problems, resolvable by airborne electric

prospecting is at present of approximate nature. In spite of the considerable

scope of work, carried out in various geological conditions, the obtained

data are interpreted miinly qualitatively. However this gap will be filled up

with accumulation of experimental material and resolution of a number of

theoretical problems and questions of mechanical interpretation of survey

results.

Before characterising the range of problems, resolvable by airborne

electric prospecting, let's point out the main advantages of utilizing

variable electromagnetic fields in geophysics.

1. More complete resolution of inverse geIpysical problem, i.e. discrete

determination of the physical properties of the source of anomaly and its
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geometrical parameters (in airborne electric prospecting development of

these questions is still in the initial stage).

2. Amplitude-phase measuring of electromagnetic fields in a wide

rbngd of frequencies with the aim of classifying geophysical anomalies of ore

and rock products (this advantage is widely applied in practice).

Application of frequency characteristics is most important in composite

geological-geophysical conditions in the presence of highly conductive cover

of variable thickness and also non-uniform enclosing rocks (it is precisely

because of this, that multifrequency detailed survey on anomalous sections,

detected during explorations, is considered to be a necessary stage of field

work).

3. Possibility of exploring certain types of ore, lacking the

continuous galvanic condictivity.

The main disadvantages of using variable electromagnetic fields in

geophysics include discovery side-by-side with highly conductive ore,

anomalies of large quantities of rock products; comparative complexity of

fields, which hampers theoretical calculations in resolving inverse

geophysical problems; appearance of distorting effort of surface non-

uniformities with increasing frequency of the field.

At present the variable current electric prospecting utilizes electro-

magnetic fields with frequency from tens cycles per second to hundreds of

kilocycles. Low frequency airborne electric prospecting of objects with very

high electric conductivity has certain advantages overthe high frequency

one. The most important of these is the considerable depth of investigations,

i.e. the possibility of detecting deep-seated conductive bodies. The high

frequency airborne electric prospecting is worth while on objects of

comparatively high resistance, It should be pointed out, that both the

advantages and disadvantages of using variable magnetic fields in airbome
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electric prospecting become more perceptible with higher frequency of

electromagnetic oscillations.

Various versions of devices for airborse electric prospecting by method

of induction with one or two airborne apparatus have become quite popular.

Conditions, in which eddy currents are generated in conductive body under

the effect of primary field, built-up by the generator frame, depend in this

method on relationship between the generator frame and the deep-seated

conductive body. -, :.

It is a known fact (180), that with horizontal position of generator

frame the maximum bond exists in the case, when the conductive body (bed) is z±

also occuring horizontaly or at a flat slant in relation to horizon. But

with the vertical generator frame maximum bend exists with a body bedded at

depth in a vertical plane, and specially, when the plane of the vertical

generator frame is parallel to the plane or the strike of this body.

Therefore, depending on the problem of exploration it is possible to

apply different versions of aeroinduction with the use of vertidal and

horizontal generator frames. Thus, in the search for sulphides, specially

in the areas of Pre-Cambrian Shield, it should be kept in view, that an

overwhelming majority of massive sulphides occur vertically. In this case

generator frame, mounted in vertical plane, will have a maximum bond with

the conductive object. It means, that the aerial method for prospecting

houbi d have a vertical set up (horizontal direction of magnetic lement) ef

the generator frame, etc.

In the opinion of majority of authors (7, 203, 209), the induction

method could be more expediently used in resolving problems of geological

mapping and reconoitring exploration of areas with possible mineralization,

since very oefen these are the areas with wide anomalies of considerably

greater magnitude than the ore areas, which are s invariably connected with

massives of rocks, forming large structural shapes, Problems of geological
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mapping are related to the problem of discovering areas, where it is

possible to apply other aerogeo-physical method and to carry out ground

explorations of one or another type of useful minerals.

Similar problems could be more or less resolved by aerial method of

infinitely long cable (BDK) and of radiokip. For instance, airborne

electric prospecting by BDK method has greater mapping possibilities than

the induction method. This may be explained primarily by the possibility of

conducting small scale survey at comparatively low altitute of flight and by

the nature of the field, formed by the land group. The advantages or BDK

method increase considerably with the use of helicopters in the search for

ore deposits in extremely rugged region. Application of helicopter versions

of airborne induction method is limited by the dependence of survey results

(specially with amplitude determinations) on the altitude of helicopter's

flight in these conditions.

The aerial radioactive method of prospecting should be used combined

with other airborne geophysical methods for exploration of useful minerals.

Physical and technical prerequisites of suitable conditions for airborne

electric prospecting by radioactive method are assumed to be the following

(202, 204): sufficiently high difference in electric conductivity of the

sought for geological object and enclosing rocks; uniformity and constant

thickness of overburden and its high resistivity; non-presence on working

profiles of electric transmission or communication lines, pipe-lines,

railway lines and other man-made conductors.

It follows then, that airborne electric prospecting by radioactive

method could be used in resolving problems of geological mapping, detecting

zones of tectonic dislocations and, sometimes, in suitable conditions, for

exploring and tracing of sulphide ore bodies. Successful application of this

method is also possible in resolving problems of applied geology and hydro-

geology.
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Such is the general outline of the range of problems, which are being

resolved at present by means of airborne electric prospecting. Undoubtedly,

in time the limits of its application will widen. Its methods will become

more perfect and will assure effective resolution, both of general and

concrete geophysical problems.

2. Classification of methods.

Geophysical investigations are divided into surface, subsurface and

aerial. A place of importance among the latter is taken by aerial electric

prospecting, development rate of which has considerably increased during the

last 10-15 years. During this time considerable number of methods and

their modifications for this type of prospecting have been developed, sometimes

so similar in their physical principles and practical application, that it

is difficult to select operative methods either for the resolution of general,

or specific problems of geophysical investigations.

Classification of geophysical investigation methods, which from a common

theoretical point of view present a picture of the present state of airborne

electric prospecting as a whole, will make it possible to determine ways for

development and improvement of the methods themselves, as well as of the

schemes of installations and apparatus for their practical implementation.

To resolve this problem N.I. Kalashnikov and S.K. Kuzovkin have based

classification of the modern methods of geophysical investigations on the

following distinctive criteriat

1. Type of the applied sources of electromagnetic field.

2. Time and nature of the radiated electromagnetic field.

3. Interpretation methods of the survey's results.

4. Technique of survey (geometry of installation, i.e. disposition

* See book "Geophysical apparatus, 33. "Nedra", Leningrad, 1967.
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system of the sources and receivers of the field; excitation methods of the

primary field sources and the methods for investigating variations of this

field, etc.

On basis of the first classification sign methods of the airborne

electric prospecting could be divided into two large groups: methods using

artificial electromagnetic field, and methods using the natural electro-

magnetic field.(fig.1).

~e a, Geophysical
research;

b i b, Ground;
e o3e c"Me d s c, Underground;

d, Aerial
el a3P3e 7ea e, Air electronic

prospecting;
g cecm ea., f, With artificial

HbJM_ 17on01M fields;

hco-MO iCJ "g, With natural
h tc nomeM iCloeM j ,,Monu ..fields;

keme db 1 em a h, With harmonic

field;;
i, With inharmonic

field;
j, With. inharmonic

field;
k, Methods;

z BapuoHmh, 1, Methods;
u v m, Near zone;

n, Combined zone;

ee o, Remote zone;
p, Near zone;
q, Combined zone;

bb ee dd r, Remote ione;
s, Remote zone

vmethod;

ff gg i t, Induction;
..J u, BDK;

Sv, Radio instrument;
g - w, MTP;

Key to Figure 1: Fig. 1 BDK;

y, AFMAG;
aa, Spaced frame; ee; Single- z, Versions;/
bb, Joint frame; -frame;
cc, VMP; ff, Complanar
dd, EPP; frame;

gg, Mutually
perpendicular
frames,-
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In construction-of apparatus, development of methods and technique for

interpretation of survey results the significance is of the second classification

sign. Nature of the radiated electromagnetic field specifies, on one hand,

construction of the generating and receiving devices of the frat group of

methods, and on the other - determines methods for measuring parameters of this

field and specifies a number of characteristic features for the conduct of

survey and interpretation of its results, as well as for plotting schemes

of apparatus for one or another method of airborne electric prospecting.

From the time nature of the radiated electromagnetic fields practically

all methods of the first group (with artificial dlectromagnetic fields) could be

reduced to two subgroups: 1) methods using harmonic field; 2) methods using

non-harmonic electromagnetic field. It is logical, that in the group of

methods with natural fields there is only one subgroup with non-harmonic fields,

which, as we know, are built-up by far away thunderstorms.

In defining the third classification sign, it should be mentioned, that

all the methods of airborne electric prospecting are based on the properties

of only the variable electromagnetic field. These properties for normal and

anomalous fields, used in the airborne electric prospecting, are analysed

theoretically in three zones; near, combined and remote.* Accordingly the

methods suggested are in principle distinct from each other in theoretical

premises, as well as in the interpretation methods of survey results; induction

method, which uses nearest zone to emitter of harmonic field; radio method

using the furthest zone; method of combined zone - airborne electric prospecting

by BDK method.

*The zone, wherelength of electromagnetic we ve is considerably greater

than distance r between the emitter and receiver of electromagnetic field, is

denoted as the near, zone with 2 C r - furthest and the zone, where 7

or. ( r, - combined.
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The fourth classification sign could form a basis for apparatus

modification or a version of some definite method of aerial electro-pro.pecting.
much

A'raSuk-t as this sign is of technical, and not theoretical nature, the number

of apparatus modifications and method versions is unlimited, which is

confirmed by practical experience. For instance, the highest number of

versions pertains to the subgroup of methods using harmonic field of the

nearest zone. The electromagnetic primary and anomalous fields in the zone

of induction, even though dependent to a considerable extent on the geometry

of the system, can be depicted in their majority by simple terms, convenient

for using comparatively simple methods for interpretation of survey results.

However not every geometry system of the generating and receiving frames

location in space has unambigous exploration possibilities (depth, resolving

power, efficiency, etc.) and moreover not every geometry could be easily

realised by the present technical means.

Application of different versions of the nearest zone method, when the

use is of one aircraft and outboard gondola, two aircrafts apparatus with

combined generating and receiving frames or with their discrete set up,

indicate, that the interest aroused by this method is as great as ever (66,

67, 117, 132, 180, 181).

Thus, the most highly developed are the methods of airborne electric

prospecting with artifidally built-up electromagnetic harmonic fields. The

natural non-harmonic fields can be applied only with methods of the remote

zone, since the flight of aircraft in the vicinity of the thunderstorm center

is dangerous.

Certain difficulties of theoretical and constructional nature are present

in the use of non-harmonic fields. Possibilities of methods with this type

of fields are not as yet fully discovered. Therefore the subgroup of methods

using the non-harmonic fields happens to be less developed, although the
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premises are there for their intensified development with accumulation of

experimental data.

The diversity of methods and their variants of airborne prospecting

indicate, on one hand, their wide range of application, and on the other -

that at the present development stage of geophysical investigations technique

they are still far from perfect. It should be metioned, that till the 60-s

many airborne electro-prospecting methods and the pertinent apparatus were

being developed on premise, that they will simultaneously resolve two

problems of geophysical investigations: geophysical mapping and exploration of

purely ore bodies (8, 42, 2@1, 209, 251). But in practice the effectivity of

one or another method was evaluated, unfortunately, only by resolution of one

of the indicated individual problems and not always objectively.

Our problem is to throw some light on the main aspects of the airborne

electric prospecting with the use of only the harmonic field. However to get

the general idea of this method as a whole it would be expedient to analyse

characteristicsi of other methods also and of their exploration possibilities.

3. Brief discription of methods.

In ground electric prospecting with the use of artificial electro-

magnetic fields the emitters applied are of various types. The field is

usually excited by means of a long wire grounded at the ends, coil or loop

fed by alternate current, also by means of antenna of broadcasting radio-

stations. In the first case the coupling of field source with earth is

voltaic, in other - inductive.

In airborne electric prospecting the emitters of electromagnetic field

are the same as in surface dlectric prospecting. The field emitters could be

fed by harmonic and non-harmonic currents. The more prevalent are the

generators of harmonic current, but the non-harmonic current generators may

also be used, if current impulse, for instance, has a rectangular shape

(31, 254, 263).
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In distinction from those used in surface electric prospecting , field

receivers in airborne electric prospecting, due to continuous motion of

apparatus in the air, should not have voltaic coupling with the ground.

Receivers of magnetic and electric fields could generally be bread-band. But

most often the receivers, specially of magnetic field, are tuned in to

resonance on working frequency of the field emitter. In this case even with

non-harmonic current of the emitter these methods may be used only for the

study of a narrow spectrum of signals near some frequency of non-harmonic

current source.

reHepamop fa paMKl

on oa Key to Figure 2

a, Transmitting

b antenna;
ronOona Ib, Gondola witht

c npueMHoi
paMouM receiving

antenna;
c, Ground;

- d, Electrically'
conductive
objects (ore

Ndeposit) .<

d
3AeKmponpod&R1Ui
oSbeKrn(pyaoe meno)

Fig. 2.
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Among the methods of the nearest zone the most popular is the induction

method, in which as an emitter of harmonic electromagnetic field the application

is of a multiturn framework, stretched above the fuselage of aircraft or set

up in special outboard gondolas. In this case the receivers of magnetic field

are the multiturn inductance coils with core or without, set up usually in

the outboard gondola.

Diagram showing the principle of airborne electric prospecting by

induction method and the outside view of the plane in air with the set up

electroprospecting station is shown in Fig. 2.

The primary magnetic field is built-up around the plane and in the

ground with conductive are body by means of the generating frame. During the

aircraft flight this field pierces the ore body and the ground, composed of

rocks with similar or different from ore body conductivity, and builds up

within them eddy currents. Intensity variation of these currents, recorded in

flight &long a profile, depends on the conductivity ratio of ore body and the

adjacent beds, and the currents themselves build-up the so called secondary

field of the same frequency as the primary. At the point of gendola's

location the receivers of magnetic field receive the resultant field, while the

meaesuing instruments, set up en the plane, record parameters of signal from

this field after its preliminary electric compensation.

In relation to conductance of bodies, encountered within the working

profile, there is variation of the intensity and phase of the electric

signal, induced in the receiver of field; this is marked as amemaly on

record diagrams.

The vector diagram, showing interdependence between the intensity

vectors of primary Hl, secondary H2 and resultant H fields, is shown in

Fig. 3. Here H2a - vector of active component, and Hp - vector of reactive

component of the secondary field (direction of vector H1 is taken as the
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starting, i.e. the system of coordinates is determined by the current direction

in the field's source

Fig. 3.

Conditions, in which eddy currents are build-up in conductive body

under the effect of the exciting primary magnetic field, depend largely on

the interdependence between the field emitter and the deep-seated conductive

body. Irnlaamudh as the everwhelming majority of massive sulphide formations

is usually vertically bedded (see para 1 of the present chapter), the optimum

location plane of the loops of field sources is vertical. With this

orientation of the primary field source the effect of flat-bedded conductive

bodies, including rock products (begs lakes and surface deposits), is reduced

to a minimum.

Thus, the position of generating frames and field receivers can

generally be various. However in practice orientation of the generating

frames is being often determined only by the type of utilized aircraft and

the maximum area of the frame that it can provide (increasing magnetic moment).

The simplified structural diagram of two-frequencies apparatus for the

aerial induction method is shown in Fig. 4. The exciter of the field is the

rectangular primary frame 4, stretched between the center of airplane wing

and staSlizer. The frame consists of two sections, joined into common band,

Each section is fed from a corresponding competent amplifier 2, deriving

excitation on working frequency of a double-frequency generator 1 with quartz

crystal control.

The receiving coils 6, tuned to resonance, and the preliminary (gondola)

amplifier 7 are set up in gondola, which is towed by the plane on a wire

cable about 150 a in length. Signals of both frequencies, transmitted from

the output of gondola amplifier along the cable, are fed to compensator 8.
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Compensating veoltage from selection circuit of compensating signal 3 is also

fed in here. By amplitude and phase adjustment of the compensating voltage

compensation is attained of intensified electromotive .force, induced in each

receiving coil on working frequencies of the apparatus. At the output of

compensator the signal of working frequency is separated and amplified by

selective amplifier 9, after which it enters into phase indicator blocks 11

and phase response voltmeter 13-15.

The basic signal for the phase-indicator is the voltage of driving

oscillator preliminarily combined by means of phase-shifter 5 with signal phase

at the output of the selective amplifier. Amplitude, phase and the component

are recorded by registers 10, 12 and 16 respectively.

The circuit of phase voltmeter is based on the circuit of synchronous

detecter. With the reactive component recording of the measurable signal

(after compensation) the supporting voltage, fed to signal, makes a phase-turn

at 900 in relation to signal phase. In this type of circuit the output

voltage is automatically compensated by servb mechanism 14 and 15.

The apparatus is fed from the electric circuit of the aircraft by

transforming the direct current into alternate. The airborne electric

prospecting with airborne instruments is usually carried out at an altitude of

150 m by parallel profiling. The length of each profile is 50-100 km.

Distance between profiles is determined by the scale of the geophysical

survey.

0 oard
c cuit 5 9 1

12

3i. 4

Fig. 4.
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Depth of the airborne electric prospecting by induction method is

determined by the following factors: a) working frequency, stop-down of

which increases the depth (98, 251); b) distance between the source and

receiver of the field, i.e. by the carrying about of the frames (with an

increased within certain limits carrying the primary field considerably

decreases, which produces an increased response of the instruments to anomalous

variations of the field); c) vertical distance to conductive body; d)

sensitivity of receiving and measuring instruments, etc.

Increase in the actual response of devices, meant for work in conditions

of considerable interferences of various origin, including those, specified

by the method selected, is the most difficult problem. In certain systems,

developed abroad, the response of receiving and measuring devices is upto

0.001-0.0015% of the primary field magnitude (263). This type of high

response (several hundreds of times greater than that of ground devices) will

permit localisation of fine conductive bodies. If the apparatus is

practically without inertialess, which is quite possible with harmonically

time-varying primary field, the aerial geophysical survey could be carried out

at aircraft speed upto 200-250 ka/hr. In this case one of the decisive

factors is the time, which enhances effectivity of airborne electric

prospecting 100-200 times as compared to ground methods.

As an example of combined zone method, in which the primary field is

built-up by means of current in cable grounded at both ends, may serve the

,BDK method (6, 30, 103, 216). In this method the measuring instruments are

8 set up on the aircraft, and the generating jointly with cable - on the

ground. Parameter measuring of the electromagnetic field of the cable is

carried out within an area covered by the normal work zone of measuring

apparatus. The nature of the field is affected by the medium, in which the

cable field is distributed. By measuring field parameters from the air, it is

possible to study properties of the medium, which composes the investigation
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area, i.e. to resolve the problem of airborne electric prospecting (75).

Trace o6fi litude - Track of plhase -soburfuce
isosurface z Y

Fig. 5.

Typical nature of the field of infinite length cable is shown in

Fig. 5, accofding to which the highest density of amplitude and phase

isoplanes is evident near the cable; with the removal from cable along the

OX line, density of lines decreases. Therefore, the measuring range of the

field's parameters along the OX line should be considerable and should depend

primarily on the distance to cable, on which the apparatus will function

normally. In other directions (OY),(OZ) this relationship is weaker.

a, UHF radio station; b, 100-150 MHz; c, UHF radio station; d, 2.3-3.2 MHz;
,e, Detector receiver and phase meter; f,'Radio transmitter for carrier
signal; g, Carrier signal receiver; h, Voltmeter; i, Module; j, mkV;_
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Fig. 6.
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Block diagrm of apparatus, used in airborne electric prospecting by

BDK method is shown in Fig. 6 (the ferrite coil and preliminary amplifier of

the mobile group set are taken out into outboard gondola on connecting wire).

The ground group with the generating apparatus is usually 
placed in

the center of the survey area. To both sides of the ground group an

insulated cable is laid out over 10 km in length. The initial point of cable

pieces is joined to the input of power amplifier, and the 
ends are grounded

by means of dowels at points A and B (see Fig. 6). To build up the electro-

magnetic field, alternate harmonic current, produced by the generating

apparatus, is put through the cable. Investigations of electromagnetic

field are, implemettd by eans of measuring instruments of the mobile

group. Fig. 7 shows helicopter MI-4, equipped with BDK devices. The flights

are across the cable along parallel profiles (line OX, see Fig. 5).

Fig. 7.
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Power of the ground group apparatus is supplied by the mobile power

plant. For the study of amplitude-phase characteristics of the electro-

magnetic field from the air, the apparatus is provided with a transmitter of

key signal of ultrashort wave length range. The phase of the key signal

emitted into the air, is controlled by phase-indicator, to which the signals are

fed from the shunt, out-in sequentially to cable, and demodulated signal of

working frequency from the output of detector. For command communication

the ground and mobile groups are provided with ultrashort wage length

radiostations (in frequency band 100-150 megacycles per second).

Apparatus of the mobile group provides for the reception and demodulation

of the key signal (by means of signal pickup), reception of the investigation

electromagnetic field (by means of ferrite coil), as well as determination and

recording of amplitude and phase of e.m.f., induced in the coil by the field

(by means of measuring devices).

During the flight the apparatus records "normal" field of the cable and

its anomalies, which are intercerrelated at adjacent profiles.

In airborne electric prospecting by remote zene methods, which study

fields of broadcasting and special radio-stations, the use is made of ordinary

or special radioreceivers-registerers of special appliances, assembled

according to the circuits of devices for measuring amplitude-phase characteristics

of the field. Survey technique is not different from the above described, but

the interpretation methods differ considerably (204, 221, 222).

The problem of enhancing effectivity of airborne electric prospecting of

the near zone with artificially excited harmonic fields is closely related with

the resolution of two main problems. The first consists in assuring sufficiently

accurate measurements of the very weak secondary fields intensity in the

presence of artificially built-up primary fields, which in many cases have

considerable intensity (sometimes exceeding many times the intensity of

secondary fields). The second problem is to provide an effective safe-guard of
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measuring instruments from interferences, arising with random changes during the

flight of the reciprocal position and orientation of the source and field

detector.

These problems are resolved by methods of airborne electric prospecting

with non-harmonic fields, i.e. by methods, which permit to divide in time

the effects on detector of primary and secondary fields. This division is

possible if the source of primary field:.is energized by rectangular impulses

(e.g. by direct current impulses) and the specifies are studied of the

setting up process of electromagnetic field in-between the next impulses.

The nature of this setup is specified by the non-uniformity of sections at

the point of determinations. In the practice of geophysical investigations

this method is called the field set up method or the method of transient

processes (MPP)(31, 62, 263).

The specific feature of the MPP is its multifrequency, as the

rectangular current impulse shows itself as a sum of harmonic oscillations with

various amplitudes and phases.* Nature determination of the field's setting

up at different times after the moment, *hen exciter impulse ceases, permits

direct division of obtained anomalies into these of ore and rock products.

The ore anomalies are characterised by a drawn out setting up

process, the rock product anomalies - by its quick damping. Therefore

measurements made during the first moments after termination of impulse,

assume presence in the area mainly of rock product anomalies. Measurements

taken later indicate the presence of purely ore objects or mineralized deposits.

Thus the transient process method is one of the most promising. The

MPP apparatus is being developed in USSR, as well as abroad. However, as

*Resolution of a direct problem, i.e. calculations of magnetic field, are

carried out the most simply and expeditiously by spectral method, principle of

which is the presentation of periodic sequence of rectangular impulses as

Fourier series.
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some works indicate (75, 218, 254), development of different versions of

the non-harmonic field method encounters considerable technical difficulties.

Firstly, due to the presence in the vicinity of field source of

considerable metallic mass of the aircraft it is difficult to assure in

the generator frame stoop fronts of current impulses, specially of the rear

ones. Secondly, it is difficult to design field detector, which would in

fact be inertialess. This is necessary even if only to prevent, in the

presence of current impulse within the source of primary field, accummulation

in field detector of electromagnetic energy from this current ifield). Thirdly,

it is technically difficult to produce measuring device, capable of assuring

cut-in of field detector exactly at the termination moments of current

impulses in the source and determination of the initial setting up of

excited field.

In development of apparatus of foreign firms ("Input", "Selco", etc.)

the principle used is the setting up of electromagnetic field. Thus, in the

apparatus "Input" (1959) the application is of a large horizontal generator

frame, set up above the aircraft, through which current is transmitted during

1.5 msec. The detector of electromagnetic field is set up in the gondola

horizontaly and at a perpendidular to the direction of the flight. The

gondola is towed by a 150 m wire cable. The measurements are carried out 0;

400 and 1200 msec after cessation of impulse. Since after the cessation of

impulse eddy currents and the secondary electromagnetic fields, built-up by

them, decay, the system actually investigates decay characteristics of

electromagnetic field at different times at three points of reading.* It is

obvious, that with changing geometry of source-detector system there is no

methodical interference in this version of the near zone method.

* The apparatus of "Input" system additionally records amplitude at the

start of reading from two receiving frames - horizontal and vertical.
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It is possible to suggest other versions of the system, similar to that

analyzed, but the technical difficulties in their implementation are quite

considerable (61, 108, 254, 263). Therefore, there is still a lot that has

to be done towards the development of apparatus and interpretation technique

of obtained results.

With development and widespread use in aviation of methods for

locating various objects, based on the reflection from them of electromagnetic

energy signal* there was an emergence of airborne electric prospecting by

radiolocation (75,210). However, the technical realization of this method also

faces considerable difficulties. First of all the requirement is of competent

impulses, period of which does not exceed fractions of microsecond. This is

explained by the fact, that the period of impulse should be shorter than its

travel time from the energy emitter to object and from the object to locator,

as the operation of device is based on utilizing radio-echo. The reflected

signal should not return before the radiation of probing impulse will

terminate. The propagation velocity of radio-waves is high, therefore with

possible competence and existing designs of receiving and measuring devices,

when the altitude of survey cannot be considerable, and the objects are

comparatively close, the emission time of signal should comprise an
of

extremely small fraction of a second, i.e. the apparatus has to bejhigh-

frequency.

The use of radio-location method is also hampered by high absorbtion of

high frequency electromagnetic oscillations energy by rocks, as a result of

which level of the useful reflected signal, i.e. the energy level of

electromagnetic, wave, reflected from conductive body, is found to be too low.

It is assumed, that this can be avoided by stacking of useful signals.

Therefore, the stacking of reflected (secondary) signals or division of

probing and reflected signals according to the 8hfv a possibility

of detecting and recording of locally bedded conductive bodies (46, .
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75, 210). This assumes, that the objects of geophysical investigations are

stationary and, thus, all the prerequisites for the realisation of the

method are present during a flight.

For the airborne electric prospecting it is possible to utilize the

event of self- and reciprocal induction between the oscillating circuit and

the conductive body. In this case the oscillating circuit could function

simultaneously as the low frequency source of the primary magnetic field

(for an assured magnetic coupling with the object) and the pickup, in which

e.m.f. of self- or reciprocal induction. The efficiency of this method
proper*

is determined by the obtained parameter stability of theescillating

circuit , :: and of the measuring device, as well as by the extent of

compensation in measuring circuit of primary voltage on the escillating

circuit. Since in this case there are no changes in geometry of source -

field detector system (no methodical interference), it is quite possible to

attain, without any considerable difficulties, a high degree of compensation,

at the subtraction factor (see para 3, chapt. II) comprises 10-5 - 10-6 .

Moreover, there is an actual possibility of measuring both the e.m.f. of

self-induction and e.m.f. of reciprocal induction. In addition it is

possible to measure variations, under the effect of conductive bodies, of

total (active and remotive) resistance of oscillating circuit or its

natural resonance frequency and its Q-factor (234).

*The experience of manufacturing low-frequency oscillating circuits shows,

that the stability of their parameters in time and with temperature variations

of the surrounding medium could be very high, if special care is taken for

thermo-stabilization and compensation of the circuit's components.
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During the last few years in USSR and abroad the application has

become wide-spread of methods, based on the utilization of natural

electromagnetic fields (106, 169, 234, 269). Their development and

practical application are of considerable interest for geophysical investiga-

tions, since this eliminates the presence in the set of instruments of quite

bulky and inefficient in respect of eenergy generating devices. In this case

the weight and overall size of apparatus becomes considerably reduced,

which makes its production and operation cost less, and the output higher.

The origin of natural electromagnetic fields is not yet fully

known. However it is possible to assert, that the main source of these

fields is the lightening discharge (109, 156, 195). Since these, as a rule,

originate at a great distance from the place of operations, it is possible

to assume, that these sources of primary field are practically at in an

infinitely remote distance. In this case the intensity of electromagnetic

field is considerable even at a distance of several thousands kilometers

from the center of thunder-storm (173, 195), i.e. source competency of

natural electromagnetic field is immeasurably higher than that of powerful

radio-stations. Due to considerable signal level of natural electromagnetic

fields, the depth of investigations appreciably increases, geometry

disruption of source-detector system does not affect the results, also there

are other advantages, important for electric prespecting.

The nature of the lightening field is impulsive, and not steady

harmonic; the frequency spectrum, in which the main part of energy is

concentrated, comprises 60 cycles - 30 kilo cycles per second (270).

Investigations show, that at a distance of over 5000 km from the source the
Hartz

maximum amplitude of the signal is evident on frequencies 60-70 cr (112).
Hartz

The intensity of electromagnetic field within the frequency band 10-100 o
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comprises approximately 10- a, and within the band of over 100 cps -

from 10 to 10 a/m.

It is a well known fact, that electromagnetic energy, released during

thunder storms, expands along a spherical wave-guide, limited by Earth

surface and the base of ionosphere. With travelling along the uniform

surface, the vertical component of the magnetic field attenuates considerably

faster than the horizontal. As a result with great distance from the energy

source (thousands of kilometers) the variable magnetic field, if its

propagation is above a uniform and isotropic medium, becomes horizontaly

polarized. Thus, in area of geophysical survey the operations are usually with

practically plane wave, having only the horizontal magnetic component (268, 270).

If along the travel path of this type of wave there is a geoelectric anomaly,

i.e. a body of electroconductibility, different from that of surrounding

medium, reflection of the wave will cause the appearance of the vertical

component of magnetic field. In this case it may be assumed, that the dip

of polarization plane will depend on the conductivity of those sections

of earth's surface, above the measurements are being conducted. Thus, from

the nature of variations of the vertical component of natural electro-

magnetic field of Earth it is possible to judge the electric anomalies and

to define areas, promising for exploration of useful minerals.

There are several versions of airborne electric prospecting using

natural electromagneticx field. Ofe of these is based on measuring absolute

values of the field's characteristics. However due to the fact, that the

intensity of electromagnetic field at any point of space could increase

during a short period some tens of times (upto 40 db), practical application

of this method is difficult. Taking this into account, the measuring is of

those parameters of electromagnetic field, which are very little affected by
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short-period, diurnal and annual variations, yet at the same time are

extremely variable with the presence in the grea of conductive bodies.

It may be assumed, that with sufficient averaging the total electro-

magnetic field, i.e. in the presence of conductive body, has a certain

elliptic polarization. In this connection, the parameters, which are not

dependent on the intensity of primary field,will be the following: small

axis ratio of the elliptically polarized field to big axis, dip of the big

axis and the inclination of polarization plane towards the horizon, also

the semiaxis ratio of ellipsoid projection onto vertical plane and the angle

of gradient of the big semiaxis of ellipsoid's projection towards the

horizon (106).

In Canada development has been accomplished of the AFMAG apparatus,

which serves for measuring the angle of gradient of the natural electro-

magnetic field polarization plane (aircraft version) (169, 269). The

shortcoming of this method is a rather low intensity of the natural field.

Moreover it is subject to seasonal and diurnal variations. The use of this

apparatus is northern latitudes from 30 to 60 is only possible during

summer (June-August and partially in September) for 3-5 hrs. Obviously with

the presence in the area of lightening discharges the AFMAG method is

inapplicable.

One of the AGMAG modifications provides for the location of detector

in the outboard gondola, towed by wire-cable at a distance of 60-90 m from

the plane. The angle of gradient in polarization plane is measured on

H rtz
frequencies of 90 and 340 2 by means of two reciprocally perpendicular

receiving frames, the planes of which are at an angle of 450 to direction

of flight (169, 263). With a uniform and isotropic medium the signals,
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taken off from the two frames, are equal, since the polarization plane is

horizontal. But if the medium is non-uniform, the polarization plane has

a definite angle of gradient towards the horizon, therefore the signals

in the frames are not equivalent. The measurable difference of signals

in this frames is compared and interpreted in conversion to angles of

gradient. Ratio of low and high amplitude signals is used for comparing

conductivity of anomalous objects. The direction of flight is across the

strike of regional geological structures. Besides the plane version there

is also a helicopter version of AFMAG. In this model the working frequencies

are 150 and 590 ra~tz.

The apparatus for measuring the true polarization ellipsoid is

rather complex. Therefore it seems more expedient to develop apparatus

for measuring projection parameters of ellipsoid onto vertical plane. In

this case the ratio of semiaxis and the angle of gradient of the big axis

to horizon san be measured even by means of two reciprocally perpendicular

detectors, located in vertical plane. The work in this direction has only

just begun. Institute of automatics and electrometry of the Academy of

Sciences of USSR developed apparatus of LFM-3 type (ground version), meant

for measuring the above indicated parameters, and also phase-shifting between

signals, excited by total -field inatural Earth field and geoelectrical

anomaly field) in vertical and horizontal detectors (106).

It is presumed, that the apparatus LFM-3, set up on helicopter MI-4

or plane of the AN-2 type, will be used for the aerial version of the

7 7

Fig. 8.
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analyzed method for geophysical prospecting. To reduce the vibrations

and the energy noise of the aircraft, the field detectors and some other part

elements of the apparatus will be placed in the outboard gondola. The

measurable parameters will be the amplitude ratio of signals, induced in

two reciprocal1ly perpendicular field detectors, angle of gradient of the

polarization plane and the voltage phase-shift at the output detectors

with their position fixed in respect of the flight direction. The main

specifications of the airborne version of LFM-3 are similar to these of

ground apparatus: working frequencies 80; 160; 240; 480; and 960 RaTz;

measuring limits of polarization plane angle of gradient ± 450; measuring

limits of phase-shift between signals in vertical and horizontal frames

200; amplitude values of measurable fields 10 4 - 10 7 a/m. The apparatus

is implemented on semiconducting elements.

The block-diagram of the airborne version of LFM-3 apparatus is shown

in Fig. 8. The block of input elements consists of two reciprocal-ly

perpendicular frames I-II (vertical and horizontal) with ferrite coils,

elements of frame tunikginto resonancse for five fixed frequencies 1-1'

and two preliminary amplifiers 2-2'. Signals, transmitted along the cable,

are fed into measuring block, containing selective 3-3' and widehand 4-4'

amplifiers, ratio-measuring device 5 and phase-indicator 6. Parameter

reading may be implemented by measuring devices G (or registrators), cut-in

to outputs of the ratio-measure and phase-indicator. The reciprocal

perpendicularity set up of the frames is controlled by angle gauge 7.

MR* . C*** *******
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CHAPTER II.

METHODS OF AIRBORNE ELECTRIC PROSPECTING, WHICH USE

HARMONIC ELECTROMAGNETIC FI~ZJ.

1. The nearest zone method (airborne electric prospecting by

induction method).

The nearest zone method is based on studying the effect of currents,

induced in ore bodies or in any other conductive bodies occurring within the

top layers of the earth crust, on the primary electromagnetic field,

generated artificially by alternate harmonic current of the oscillating frame,

fixed on the aircraft or in the outboard gondola. This effect is defined

by the varying magnitude and direction of the resultant field vector, i.e.

by the field's anomalies (70, 263). The defined anomalies make it possible

to resolve the inverse geophysical problem: the position 6f the geological

objects, causing these anomalies, is identified and their qualitative

appraisal is then carried out.

In airborne electric prospecting the direct carriers of information

regarding the analysis of the electromagnetic field are the electro-motive

forces, induced in detectors. Usually they are the multiturn induction

coils with ferromagnetic cores or without them (see chapt. VII). When

investigations are conducted by the nearest zone method, these detectors

are set up mostly in the outboard gondola, occasionally directly on the

aircraft (263).

The main problem of the measuring-recording instruments is to separate

from signals, information connected with the secondary field, induced in

field detectors, and to eliminate the effect of the primary field signal

on the indications of these instruments.

At present there are many versions of the nearest zone method. They

differ in the geometry of the source-detector system, method of electric

compensation, the number of used aircraft, etc. According to the latter,
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all versions of the method are divided into two large groups. The first

group unifies versions concerned with the use of only one aircraft (plane or

helicopter). The second group includes those requiring two aircrafts: one

for the source, and one for the field detector.

Another distinguishing feature of the different versions of the nearest

zone method is the nymber of magnetic field detectors, their disposition and

orientation in respect of the field's source, and also the use of detectors

in determination of the output values.

Versions of the first group: 1) the field's source is directly on

the plane, and the detector in the outboard gondola, towed by wire-cable

(21, 63, 103, 117, 123, 263): one plane with the use of rotating magnetic field

(VMP) and outboard gondola for disposition of field detectors (117, 234); 3)

the source and the detector are firmly fixed on the aircraft relatively close

to each other (28, 263); 4) the source and the detector are firmly fixed in

the outboard gondola of large size (117, 263, 264); 5) the receiving frame

is coplanar or reciprocally perpendicular in the center of the

oscillating frame (117), etc.

Versions of the second group: 1) circular rotating magnetic field

(234); 2) linear polarization field (236, 237).

The block diagram of the apparatus, shown in Fig. 9, corresponds to

the majority of versions in the first group. The exciter of the field is the

oscillating frame rP, fed through its block of tuning to resonance E H by

power amplifier YM, which is excited on the working frequency from the

master oscillator with quartz crystal control of frequency K3Fp. The

signal of working frequency, received by tuned to resonance field detector fl p
and amplified by the preliminary amplifier T7 y, is fed into the block of

electric compensation 6 K. The compensating voltage Uk, obtained either from
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, I ;I' - a, On-board circuit';
b, Connecting cable;

7 K 4Y L MM I c, On-board circuit.

b / o4K .. va, p

Fig. 9.

5H block or from K3Fis also fed in the same block. By adjusting the

amplitude and the phase of voltage Uk the necessary compensation of the

signal, excited in the field detector by primary or resultant field is

obtained.

From the output of the compensator the signal is fed into selebtive

amplifierHY, in which the outside noises are suppressed. From the output

of H Y the signal is fed into circuits of measuring moduluaMM, phase MW)

gCS H

Fig. 10.
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and component M K. For phase-response instruments, the key signal U
0

is the output voltage K3r4b, previously combined by phase inverter

5 B with current phase in the oscillating frame. The recording devices are

cut into meter outputs. The energy source of the apparatus is the power

supply system of the plane, fed through blocks ~11 andYTT2 '

The block diagram of the apparatus for single-plane version of VMP

is shown in Fig. 10. The reciprocally perpendicular oscillating frames rP

are fed from power amplifiers YM1 and YM2, which are excited by master

oscillator K3P, and the exciting voltage to one of the power amplifiers,

for instance YM1, is fed with phase-shift at 900, implemented in phase-

inverter* Bl. In this way the feed of the oscillating frames by currents

with phase-shift at 90o is attained. The reciprocally perpendicular

receiving frames 1n P, tuned into resonance, are out into preliminary

amplifiersfTY1 and nl Y2, the output signals of which are fed into

the subtraction circuit CB. One of the output signals, for instance the

signal of amplifier 7 Y1 , passes first through phase-inverteorB 2, where it

acquires the 900 phase-shift. The signal of imbalance from the output of

the subtraction circuit is fed to the selective amplifier Y, and then to

phase-response voltmeterscbqB1 andq,4B 2 which measure the active and

reactive component of this signal. The key signal Uo, is the voltage of

the master oscillator.

The block diagram of the oscillating group in the apparatus of a two-

plane version of VMP is practically undistinguishable from that in Fig. 10.

But the-:group of measuring instruments could be modified in various ways,

depending on the measurable parameters of the imbalance signal. The

supporting voltage for phase-response meters is the voltage of one of the

measuring channels, for instance, the output voltage of amplifierT Y2.
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In some modifications of a two-plane pattern of VMP, the application is

of a ratio circuit, instead of subtracting circuit, and the quantities

measured are the imbalance of the circuit and the phase-shift between the

signals taken (234, 236). In the instruments of the version with linealy

polarized field, the oscillating portion is plotted according to the block

diagram of one of the channels in the VMP apparatus, meant for the excitation

of horizontal or vertical oscillating frame. The measuring part of the version

under analysis and the VP are similar, except for the orientation of the

reciprocally perpendicular receiving frames.

The use of the outboard gondola in individual versions of the nearest

zone aerial method causes some difficulties. These difficulties are most

clearly evident in conditions of undulating relief and windy weather: the

results are affected by the interference; caused by the variations of primary

field signal generated due to the vibrations of the gondola (technical

interferences). The vibrations of the gondola are intensified by windy

weather and in conditions which contribute to the formation of air pockets.

The latter circumstance is of importance to aerial electro-prospecting, as

the useful signal cannot sometimes be measured on account of the magnitude

of this type of interference (see para 6, Chapter IX).

To eliminate this deifleency, versions were worked out(for plane and

helicopter), with the exclusion of the outboard gondola. In this case the

receiving frames are placed directly on the aircraft in a firmly fixed

streamlined unit. The rational disposition of the oscillating and receiving-

frames on the plane or helicopter assures considerable reduction in the

noise caused by changes in the geometry of the system of vibrations. The

minor depth of prospecting is compensated to some extent by the high

response of the apparatus, the low altitude of the flight and the high

mobility of the aircraft. These versions have also other positive qualities
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and are, therefore, quite promising for carrying out large-scale (detailed)

survey (63, 117).

Let us examine briefly the main versions of the apparatus for the

aerial method of the nearest zone and its salient characteristics:

1. Versions in which the field detector is located in the outboard

gondola, towed by aircraft by means of wire cable from 20 to 100-150 m in

length. In this case the perception is of the vertical or the horizontal

component of the primary field* and the recording is of its variations, caused

by the secondary field effect; the drift angle of the gondola is 45-90o

The same pattern was used for the national devices of AERIC and AERI-2 type

(21, 102, 117, 123), in which the drift angle of the gondola does not

exceed 650

In the plane or helicopter version, when the drift angle of the gondola

is 900, the source and field detector are "firmly" fixed on one aircraft (28).

2. "Canadiah"(plane) version, when the field detector, sensing

horizontal component of the primary field, is located in-the gondola with

drift angle 450 . According to the testimonials of foreign firms, this version:

is more successful than any of the preceding ones (63).

3. Helicopter version, when the oscillating and receiving frames are

located on the same vertical line, i.e., the drift angle of the gondola is

approximately zero. This version is applied with a comparatively low speed

of horizontal flight.

* By the vertical component of the primary field is meant the component in

the direction of the magnetic moment of oscillating dipole, vertically

oriented (horizontal oscillating frame), and by the horizontal component - the

component perpenditular to the vertical and located in the plane of flight.
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4. Version without an outboard gondola with source and field detector

located at opposite ends of the plane's wings, i.e. at a comparatively short

distance (28, 235), and other similar versions (233, 262, 263, 265), for

instance, the helicopter version of "Canadian Aero Sikorsky Helicopter" (263).

In this modification the range of frames has been increased in order to

enhance the depth of investigations. With this aim the big oscillating

frame, placed perpendicularly to the direction of the flight, and the

receiving frame, which measures the vertical component of the field, were set

up on special brackets in the nose and tail respectively, of "Sikorsky-55"

helicopter (Fig. 11). The distance between frames covered 18 m. The

devices measured active and reactive components of the signal, excited by

the vertical component of the primary field on frequency of 390 cps.

a Key to Figure 11 I
flpueiHunno b a,. Field recei-ver3

"uamoevU no b, Field source;
"------- c,.Altimeter

'antenna;
d, Aagnetometer

cgondola;
f menHHa e, Camera and
6blomonepo d

roaoea e. gamma channel.,
naeurmoempo fomoKaNepo u 20nno-aHnoan

Fig. 11.

Notable among the plane versions is the "Canadian Aero Otter" (263),

mounted on a hydroplane "Otter" (Fig. 12). This apparatus measures active

and reactive componentAs of the vertical or horizontal constituent of the

field on frequency 320 cps. The oscillating and receiving frames are set up

on the ends of wings; the distance between them is 18.6 m.
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a
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Key to Figure 12:.
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Fig. 12.

Another example of the apparatus for the plane version of the

induction method in the first group with a rigid position of the source

and the field detector is the Mullard apparatus (28), a block diagram of

which is shown in Fig. 13.

Key to Figure 13:

laa, Altimeter;
4 3 b, Magnetometer;

2_ 15 c, Noise;
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7 7 7 a BblComoMep
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Se Armuaa KOMnOHeHmI

. tf AKCenepomemp

Fig. 13.
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The primary electromagnetic field is generated by the current in

oscillating frame 13, set up in the same way as the detector of the magneticxfi

field (receiving frame) 1, at the ends of plane wings. The frame is fed

by an alternate current of working frequency from the oscillator 12. Cut

into the circuit of this frame is a small frame 14 of compensating and key

signals, from which voltage is taken for compensation of e.m.f., induced

in the magnetic field detector 1 by the oscillating frame field. The setting

of the required amplitude and of the intial phase of compensating voltage

is implemented by the balance circuit 18, consisting of an attenuator and

a phase-inverter. The signal is compensated during a flight at high

altitude, which excludes the effect of any ground conductors. Therefore,

the decompensation signal at the output of the field detector, which appears

during the flight at normal altitude, is taken in this apparatus as useful

(anomalous).

The anomalous signal enters, through preliminary amplifier 2, band

filter 9 and linear amplifier 10, into inputs of phase-response detectors

(qt1J) 11. The output voltages ofq~5)are proportional, respectively, to the

active and reactive components of the anomalous signal, being in phase

and quadrature with the current in the oscillting frame. To ensure for

this condition the supporting voltage, frame 14 taken off through filter 15
is fed into one of the phase-response detectors through phase-
shifting circuit 16 and amplifier 17 and into the other - only through

amplifier.

The output signals of the phase-response detectors pass through

integrating circuits 6, coordination hookups 7 and are then fed to

amplifiers 8 of the eight-channel recorder, one channel of which is used for

recording noises. With this aim the signal from the output of preliminary

amplifier 2 is fed into detector 5 through band filter 3 and linear amplifier

4. Then, similarly, with the preceding registration patterns (blocks 6-8),
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the signal enters the recorder. The other channels are used for recording

magnetometer, accelerometer or radiometer data, time-breaks and

orienting-points.

The apparatus operates on frequency 320 cps. The recording of

atmospherics is done on frequency 268 cps. To separate weak anomalies,

adjustment of the frequency pass band (integrator 6) is provided.

5. One-plane version of a circular rotating magnetic field. This type

of magnetic field is generated by aircraft located on two reciprocally

perpendicular oscillating frames 1 (point 0), in which the currents are

phase-shifted at 90 . Two receiving reciprocally perpendicular frames 2,

the planes of which are parallel to the planes of the oscillating frames,

are located in the outboard gondola (point P), towed by wire-cable (Fig.14).

The signal, sensed by one of the receiving frames, turned in phase at 90o

and is subtracted from the signal, sensed by the second receiving frame.

In this way the reciprocal compensation of signals, excited in both the

receiving frames by the primary field is attained. Inasmuch as the

anomalous effects along the vertical and horizontal constituents of the

secondary field differ substantially (8, 117, 200), the reciprocal

compensation, with the presence in the flight area of conductive objects,

is broken off. The measurements of the difference of signals, excited

by the primary field, and also of the phase-shifts between them are

taken.

Z

Fig. 14.
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This version of the aerial induction method was developed by the

Swedish firm "Bolindens Gruv. A.-." (267). Distortions of the circular

field, caused by the metal parts of the plane or by its body, are eliminated

by adjustment of the angle between the planes of oscillating frames and the

control of the current phase in one of them. The reciprocal compensation

of direct signals, induced in receiving frames by the primary field, is

effected by subtraction from the signal, sensed by the vertical frame, of

the signallperceived by the horizontal frame signal phase is preliminarily

shifted by 900 ) . The working frequency is 3600 cps. The apparatus

measures and records the active and the reactive components of the signal,

induced in receiving frames by the resultant field.

The block diagram of one of the modifications of the rotating magnetic

field patterns, developed in Sweden, is shown in Fig. 15 (211). The

oscillating device contains two similar reciprocally perpendicular

oscillating frames 2 and 3, energized from oscillator 1, through devices 4 and

5, which provide the current-shift in frames 2, 3 by 900 and control the

intansity of these currents. The receiving unit has frames 6 and 7, one

of which is horizontal and the other vertical. The pivotal axis yy in the

Z y

x- -- x

zI 2

8 9
x- -x 14

Generator section Receiving sectIn

Fig. 15.
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system of oscillating and receiving frames should coincide as precisely as

possible. Both frames of the receiving unit are out into phase-invertors

10 and 11 through preliminary amplifiers 8 and 9. The phase-inverters

shift voltages, induced in these frames, by 900. The difference of voltages

(block 12) and their phase-shift (block 13) in their initial state (after

blocks 10 and 11) should be equal to zero. To outputs of blocks 12 and 13

are cut in devices for recording the amplitude and the phase-shift with

the appearance of the secondary field from a conductive object. The higher

anomalous signal will be induced in vertical frame 6, in the horizontal it

slightly varies; therefore, the intensity of voltage at the output of

this frame may serve as a measure of the normal field. Indicator 14 records

the amplitude of voltage at the output of frame 7, and since it varies in

inverse proportion to the cube of the distance between the oscillating and

receiving frames, it is used for distance-determination between them.

Receiving frames and preliminary amplifiers are placed in the outboard

gondola, towed by the plane. The altitude of flight is 120 m. The length-

of the wire cable is 50 or 150 m. The working frequency is 880 cps.

The compensation stability of the direct signal with the varying

geometry of the system in this version is not very high, whereas the

apparatus is quite complex. Therefore, it never became popular and was

eventually transformed into a two-plane version.

6. Versions with combined oscillating and receiving frames are meant

for large-scale. Surveys on a previously investigated area. The small

space between the frames decreases the depth of investigations. However,

their mobility is high, flight altitude comparatively low and the applied

apparatus gives a higher response, which to some extent compensates for the

reduced depth.
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The "Aeromagnetic Survey Ltd." have developed an apparatus in which

the oscillating and receiving frames are located in one large gondola,

transported by helicopter (258). The frames are placed perpendicularly

to the axis of the gondola; the distance between them is about 9 m. The

diameter of the frames is approximately 0.6 m. The working frequency is

4000 cps. With some modification of the apparatus (two vertical receiving

frames were located on the same axis with the horizontal oscillating

frame on both its external sides) a sufficiently high and more reliable

compensation of the direct signal was attained.

The "American Metals Helicopter Co." (263) has developed an apparatus

fitted on helicopter "Bell." The oscillating and receiving frames are in

the gondola. The apparatus measures the active and the reactive constituents

of imbalance signal on frequency 1000 cps (two different frequencies may also

be used). The axis of the frames is common and their planes are reciprocally

perpendicular.

In the Soviet Union these versions of the nearest zone aeromethod

were not developed.

7. Helicopter version, when two field detectors, meant for the

reception of the vertical or horizontal constituent of the field, are placed

into the outboard gondola of large dimensions on both sides of the

horizontal oscillating frame also placed there. The source and field

detectors are firmly fixed one with the other (63). Plane and helicopter

Fi. 16.

Fig. 16.
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versions have also been developed; in these the receiving frame is placed

either coplanar or reciprocally perpendicular in the center of the primary

(oscillating) frame (117, 263 and others).

Versions of the circular rotating magnetic field and linearly polarized

field belong, as has been pointed out, to the second group, which uses two

aircrafts. Let us briefly analyse these versions.

1. The version of the circular rotating magnetic field is implemented

by means of two planes, flying one behind the other in the same direction

at a distances of 100-300 m. On one of the planes are set up the

oscillating frames, similar to those in the one-plane version, and on the other,
in outboard gondola - two reciporcally perpendicular receiving frames, the

Rl-nes, Qfwkgfrt p aal-e- to , those of the oscillating frames (Fig. 16).

With equal amplitude of magnetic moments of the oscillating frames,

the resultant vector of the primary magnetic field at points, lying on the

flight axis of the plane carrying the-oscillating frames, revolves around

this axis within a plane perpendicular to the axis, with angular velocity

equ3l to angular frequency of the exciter current. In other words, the

field at these points is polarized in a circle. The outboard gondola with

the receiving frames, transported by the second plane with the wire cable

20-30 m in length, should be on the flight axis of the first plane.* It is

obvious that, with a uniform external medium, the inducement in receiving

frames will be of alternate voltage U and U , multiple values of which U
x s x

and U are equal in modulus, but differ in amplitude by 900. Therefore,

* From the navigational point of view it would be more convenient if the

plane with the measuring apparatus and the outboard gondola would fly first,

i.e. be the leading one, and the plane with the oscillating devices - second

(following) (211).
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if one of these voltages is turned into the corresponding direction by 900

and subtracted from the other, the resultant signal will be equal to sero.

The appearance near the given set up of conductive body will disrupt

the attained balance. In this case the apparatus will be measuring

parameters of imbalance signal A U - Ux - JUz )its amplitude, phase, active and

reactive components)/260, 265/. It is also possible to measure difference

Ux - Uz or U /Uz ratio of the virtual values of these voltages and phase-

shift between them.

The most significant advantages of this version:- sufficiently stable

compensation of the primary field signal, which is theoretically not upset

with distance variation between frames, and also the high spread of frames,

possible within the range of 200-400 m, permitting increase in the tangible

response and depth of the method. Therefore this version of the near-zone

aeromethod is referred as the most effective /117, 211, 234/. Its main

shortcomings:/ simultaneous use of two planes in conditions of complicated

navigation and the difficulty of setting up in practical conditions an exactly

circular rotating magnetic field.

I 1959-1961, the All Union Scientific Research Institute of Methods

and Technique of Prospecting (VITR) made and tested three sets of apparatus

for the rotating magnetic field (working frequencies of apparatus - 2450, 1225

and 612.5 cps). The first was meant for plane LI-2, the sedond and third -

for planes AN-2 /250, 234/.

The block diagram of generating devices in the two-plane version of

the rotating magnetic field is practically the same as the diagram of the

one-plane version. But the instrument, meant for measuring the intensity

parameters of imbalance U, could be made in various modifications, depending

on which parameters of imbalance signal it is required to measure amplitude,

phase or components /231/. Fig. 17 a shows outside view of the

generating assembly of the RMF (retating magnetic field) apparatus, and
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Fig. 17 - b of the measuring assembly.

However, considering that in the two-plane version of RMF it is

difficult to maintain the co-axial alignment of the source and field

detector, it was suggested that the double rotating magnetic field (DRMF)/227/

be used.

The substance of the DRMF version consists of the following. Currents

of two frequencies - the working and the auxiliary are passed through

oscillating frames. The second frequency should be considerably lower than

the first as, with sufficiently low frequencies, anomalous effects are hardly

present in the induction methods of aerial electric prospecting /99/.

Currents of various frequencies may energize also discrete frames, which

should be firmly interconnected. In this way, there is a build-up of two

rotating magnetic fields, having identical configuration in non-conductive

medium. These fields are generated in two receiving frames of two

frequencies e.m.f. The intensities of working frequency, obtained from two

reciprocally perpendicular receiving frames, similar to frames of the RM

version, are reciprocally subtracted after division by frequency filters and

phase-shift in one of them at 900, and the residual intensity is

rectified (this applies also to the intensity of auxiliary frequency). For

receiving fields of various frequencies, it is possible to use also

different frames, tuned in resonance at working frequencies, provided there

is a rigid connection between them. In this case the dividing frequency

filters are not required.

By fixing a definite ratio between the intensities of exciting

currents of the working and auxiliary frequencies in oscillating frames

and adjustment of the receiving unit's response on the working and auxiliary

frequencies, an equal intensity of rectified voltages in channels of both

the frequencies is attained. Apparently, this equality is not upset at any



- 50 -

Fig. 17.

point of space, if the fields of the working and auxiliary frequencies have

identical configuaration. The rectified voltages are fed to the device meant

for measuring out put. Thus, false anomalies, connected with reciprocal

position-variation of oscillating and receiving frames, are eliminated in

the non-conductive body.

Ore and other conductive bodies generate an anomalous field on the

working frequency, and not at all on sufficiently low auxiliary frequency.

This considerably simplifies separation of anomalies from ore bodies, when the

false anomalies, are eliminated due to disruption of coaxial position of the

source and field detectors.
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Thus, the essential thing seems to be the application of two rotating

fields, radiated by common emitter or two firmly joined emitters, and a

common field detector or two firmly joined detectors, placed on the axis of

the rotating fields and insensitive to fields with circular polarization, to

shifting of the field detector relatively to the source along the axis of the

rotating fields and to the slowing of the field detector around this axis.

Response to objects with higher conductivity could be intensified due to the

increased response of measuring apparatus, since the unstable position and

inaccuracy of orientation of the field detectors practically do not

contribute to the appearance of false anomalies.

However, it should be mentioned that the apparatus of DRMF method is

quite complex and expensive in making and use.

2. The version of the linearly polarized field was tested in 1962

by the All Union Scientific Research Institute of Technique and Methods.

The apparatus for this version is based on that for the rotating magnetic

field /236, 237/. One plane carries horizontal oscillating frame, and the

other an outboard gondola with two receiving frames. The perpendiculars of the

frames are located in the flight plane YOZ and inclined at an angle of 450

to vertical line, i.e., axis OZ (Fig. 18). The receiving frames are

•Z5* go

.Generator antenna Receiving antenna
Fig. 18.
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relatively oscillating, so that their center would be on the flight axis of

the first plane. The block diagram of the apparatus is shown in Fig. 19.

The significant difference between this ersion and that of the

rotating magnetic field is that this one has only oscillating frame and

there is no necessity of generating the rotating magnetic field. The

generating portion of the apparatus for the lineally polarized field could

be constructed from the block diagram of one of the channels in the apparatus

of the rotating magnetic field. For instance, it is possible to use one

channel of the generating unit and the oscillating horizontal frame with

vertical frame out-off. But the measuring devices of this version are

similar to those of the rotating magnetic field. The measuring is of the

same difference of signals excited in the field detectors of the oscillating

frame and of the phase-angle between these signals. The field detectors

remain the same, but their orientation in space relating to the oscillating

frame and the vertical line (in the outboard gondola) varies.

In measuring voltage ratio in measuring devices of rotating magnetic

field version the cut-in, instead of subtracting device, if the hookpp for

measuring amplitude ratio of signals, i.e. the measurements are taken of the

so called amplitude parameter A /231, 234/.

IueKey to Figure 19:

rP cunumenb 300d(1Lu i a, Power amplifier;Mou Hocmu 2enepamop
b, Supply generator;
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r------------- - e, Gondbla' 'amplifier;

d I 3epumedb f, Preamplifier;

roHOObHbIU I lpe6oa pu- g, Preamplifier;
, u cuambib mebHbli h h, Reference circuit;

I ycuumeb CxeMa 3Mepumeab i, Meter A]

-ro7oona - L-
k L Bmoo F o gmonem: _ _-- .. ...-- -- .
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If the receiving frames are placed as shown in Fig. 18, and the

geometry of the system is not upset, then with linear 
polarization of the

primary field and absence of the secondary one it is 
possible to assume

that e.m.f. in both the frames are excited by the vertical constituent 
of the

primary field H1 = HK; therefore, they are equivalent in value and have no

phase-shift.

Theoretical calculations and tests have shown that this version has

considerably greater technical error than the version of the rotating

magnetic field. However the generator portion of this version is much simpler

than in the above. The smallest technical error will be in the version

with the vertical oscillating frame (horizontal dipole).

Thus, it follows that the two-plane versions of near-zone method

are effective in respect of the eptimum space selection between the source and

the field detector. In a number of cases their application is complicated

by the necessity for a simultaneous piloting of two planes with an exactly

fixed position of one in relation to the other; moreover, in these cases

the cost of the geophysical survey increases oonsiderably.

2. The combined zone method.

The first information regarding the aerial electric prospecting in

the combined zone (BDK method:. or method of infinitely long cable) was the

advertising communication of Lundberg in 1955 / 257/. The result of this

communication was that for the search of useful minerals a method was applied,

based on the study of electromagnetic field of the alternate current,

flowing along a straight cable, grounded at both ends. The principle of this

method consists of the following /158/. Two cables, 30 km in length, are

laid on the ground and alternate current of 400 and 1000 cps frequency is

passed through this cable from the ground generating group. The receiving-
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measuring two-frequency apparatus of the mobile 
group is placed on the plane.

Field parameters of the cable are measured simultaneously 
on two

frequencies with the plane flying across the cable lying 
on the ground.

Later on there was a communication, from the "Bolindens 
Gruv. A.B." Co. of

Sweden and from other companies /6, 256, 267/ about the 
apparatus for the

method of infinitely long cable.

In the USSR, the development of the infinitely long cable 
method and

its apparatus began in 1955 /102, 103, 216, 218/. The first successful

tests were conducted, in 1957, in the Maidan-Vilsky 
section of graphitized

gneiss. In 1958, the Academy of Sciences of Uzbek SSR made 
and tested, in

productive conditions, a set of apparatus AERA-58.

The substantial advantage of aerial electric prospecting by the

combined zone method is the 16w response of the apparatus 
to flat-bedded

conductors. Moreover, the system of current inlet into ground (when long

grounded cable is applied) is in itself such 
better in comparison with other

methods of aerial electric prospecting.

The disadvantage of the combined zone method is the necessity of

laying out cable on thecground and the setting up in its vicinity of the land

group of devices. However, the experience of utilising airborne 
electro-

prospecting 4station testifies to the fact 
that this kind of opinion is more

of a formal than objective nature, since it does not take into account the

specifies of applying aerial geophysical 
prospecting generally and in

inaccessible areas in perticular /190, 216/. Moreover, the cost of 1 run. km

of survey by the combined zone method is not high. Thus in the northern

areas of the Kolsky peninsula, or in north-western Kazakhstan, the cost 
of

aerial exploration by the method of infinitely long cable 
is found to be

several times lower than the cost of the ground survey, whereas 
implementation

is much faster. In these areas the cost of 1 run. km of large-scale mapping
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is 10 - 15 roubles.

As field emitter in the apparatus of the combined zone method,

so far only a long straight grounded cable is applied; no other emitters

are applied. Since the parameters of the electromagnetic field vary quite

sharply in space, there is no compensation of the primary 
field in this method..

The main problem of the measuring-recording apparatus in the infinitely

long cable method is the measuring and recording of the amplitude and phase

characteristics of normal and anomalous magnetic fields of the emitter 
from

e.m.f., induced in the magnetic field detector (of multi-turn type of coil

with core). For phase measuring, the measuring and recording devices get

radio-transmitted information from the ground regarding the current phase

in the source. The magnetic field detectors are most often set up in the

outboard gondola. They are very seldom placed on the aircraft.

- --

616 18 19 20 21 22

1 2 17 231R

Hcox= 10 i 12 13 14 15

Ground group Mobil -group

Fig. 20.

Fig. 20 shows a block diagram in greater detail than in Fig. 
6, which

explains certain specifics in the apparatus development for the infinitely

long cable method. As pointed out above, the set of devices consists of two

sections - the ground group, generating the electromagnetic field on one

of the working frequencies and sending radio signals, modulated by supporting
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voltage, and the mobile group, which measures and records field parameters,

e.g. H o .

The electromagnetic field on the working frequency is generated by cable

energized by a competent tube oscillator 2. The oscillator is provided with

a capacitance block, by means of which the inductive reaction of the cable is

being compensated. With the breaking of the cable a relay operates in the

oscillator device, which disconnects the cable from the output terminals of the

oscillator. For the extitation of oscillator 2, a master oscillator 2 has

been provided, the frequency of which is controlled by cquartz crystal. The

energy-source of the ground apparatus is the portable power plant 3.

The key signal, coinciding in phase with the current in the cable, is

transmitted to the mobile group by means of radio-station 4. Phase-control

of the key signal, emitted into ether, is implemented by means of detector 5

and phase indicator 6. The latter is energized by two voltages - from shunt,

connected in series with the cable, and by demodulated signal of low

frequency from the output of detector 5.

For the command communication between the ground and mobile groups,

radio-stations 7 and 25 have been in'luded in the set of apparatus for aerial

electro-prospecting. The mobile group measures and records the phase-angle and

one of the components (active or reactive) of e.m.f., excited in receiving

coil 8, which perceives the horizontal constituent of the cable's magnetic

field H4 x . The output voltage of the coil enters wide-band amplifier 9,

signal from which is transmitted along the connecting cable into preliminary

amplifier 10, attenuator 11 and selective amplifier 12. Thereafter the signal

is fed into two channels of measuring and recording - the channel of measuring

and recording of components 13-15 and 23 and the channel of measuring and

recording of phase 18-22, 24.
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For the recording of components, use is made of direct measuring

circuit, based on phase-response detector 13 (see para 4, chapt. X). The

supporting voltage is the signal, received and rectified by radio-receiver 
16.

In order to measure and record quadrature components at all the four

quadrants, a device is applied in the apparatus (not shown in figure), in

which the phase-angle of the supporting voltage could vary by jumps of 900

within the limits of 360 elect degrees. To exclude during survey the

effect of level variations of the supporting voltage, the latter is confined,

in device 17, by a two-sided limiter and fed in the shape of rectangular

impulses to the circuit of phase-respense detector 13.

The constant potential at the output of detector 13, proportional to

active or reactive component, is measured by automatic compensator (14, 15,

23). Block 14 cuts in the circuit of alternate current amplifier with

transofrmation and reverse circuit of connection on constant current. At

the output of alternate current the amplifier is out in control winding

of reversible motor 15. Recording of the measurable parameter is implemented

6n a chart of recorder 23 by a carriage with writer, mechanically

connected with motor 15.

The phase is measured by means of quasicompensation see paras I and 2,

chapt XII). For this, the measurable signal from the output of selective

amplifier 12 is fed to similar phase-response circuit 20 of the phase measuring

channel. The supporting voltage, after passing through amplifier-limiter

18 and phase-inverter 19, is fed to this circuit from key signal detector 16.

Voltage from the output of phase response circuit 20 enters the amplifier of

alternate current with transformation 21 and the control winding of

reversible motor 22. This meter operates phase-inverter 19, fill such

time as the voltage at the output of circuit 20 becomes equivalent to zero.



-58-

The phase-angle is read from recorder dial 24 by the position of the phase-

inverter's variable elements.

The set of mobile group devices includes also the outboard gondola, a

device for its let down (with wire cutter), a marker of time breaks and

landmarks on the charts of recorders, etc. The source of energy for the

mobile group apparatus is the power line of the aircraft, fed through

special dynamoelectric transformers.

It has been mentioned that the first set of the AERA-58 apparatus was

made in 1958 in the Academy of Sciences df Ukrainian SSR. From the same

block diagram in 1963 the All Union Scientific Research Institute of Methods

and Technique of Prospecting made a small batch of serial apparatus for the

infinitely long cable (ILC) method, which records components and phase.

a 1

Fig. 21.
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Fig. 21 - a shows the external appearance of the generating unit of the

above apparatus, and Fig. 21 - b the appearance of measuring device. A

modernized two-track automatic potentiometer EPP-09 is used 
as a recorder.

The measuring system and the system of key signal detector 
jointly with the

power-source are mounted in two blocks, set up 
on a split frame in the common

housing. This type of construction resembles the apparatus of aeromagnetic

stations.

The oscillating apparatus of the above set is distinct in construction

from the similar apparatus AERA-58. It is more convenient for use in field

conditions and is easily transportable by helicopter.

In 1959, the Institute of Automatics and Electrometry of the Academy

of Sciences of the USSR began developing and, later on, constructed a

set of devices for the infinitely long cable method, which measures

amplitude, phase and components of the signal taken /118/. The measuring

system of the apparatus is based on synchronous-quadratic reception 
/152/.

In 1960, the Academy of Sciences of kprainian SSR produced a few devices

of the AERA-2 type for aerial electroprospecting by the infinitely long cable

(ILC) method. In contrast to AERA-58 this apparatus measures and records

amplitude and phase of e.m.f., induced in the magnetic field 
detectors by the

cable field. The construction and block diagram of this apparatus have been

described in work /90/ (see Para 3, chapt. XIV).

Except ILC apparatus, no other versions have been 
developed for the

combined zone. Information of foreign firms regarding this apparatus is

only of advertising nature. But the fact is well known that the apparatus of

ILC method is widely used abroad.

3. The remote zone method (radiocomparison and control).

The idea of using electromagnetic fields of broadcasting radio-

stations for geophysical investigations originated as far back as the
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twenties. Subsequently, Soviet scientists /63, 168, 202, 204/ and those of

other countries /255, 266/ have investigated in theory and confirmed on

practice the possibility and expediency of utilizing for geophysical purposes

the electromagnetic fields of remote, comparatively high-frequency broadcasting

radio-stations. This trend of geophysical investigations has shaped into

an independent method of radio-comparison and control, and of radio-waves

mapping or profiling. At present for the study of the field's phase

characteristics some investigators suggest the wese of fields of special

radio-stations, which emit non-modulated signals.

Thus it follows that the radio-comparison and control method is based

on studying field intensity of remote, broadcasting radio-stations

comparatively of high-frequency (long wave, transmitting in frequency band

150-400 kcps.), and also of special radio-stations (mainly superlong wave,

operating in frequency band 80-120 and 10-30 kcps). This method, in

comparison with the induction method, has a number of virtues. As we know,

in induction method the measurements are effected in the near zone, when

the distance between the source and the field detector is usually very much less

than the wave length. The field's composition in this zone is quite complex

and the field's intensity, which is most important, decreases with the

distance considerably quicker than in the remote (wave) zone, due to which

it is considerably more difficult to define relatively minor anomalies within

the zone of sharply varying field. At the same time, in the near zone the

attenuation of the field with depth occurs much quicker. This means that

various non-uniformities on the surface appear in considerably greater degree

than those in the subsurface. At great distances from the emitting

radio-stations, i.e. in the wave zone, the field of these stations is

sufficiently uniform. With the propagation of surface radio-waves, the



- 61 -

electromagnetic field penetrates partially the stratum of the top layers of

the earth's crust (in the first approximation proportionally to their

resistivity). Therefore, knowing the nature of distribution of intensity of

the mangnetic field on both sides of the interface air-ground in relation

to electric properties of rocks, it is possible to perceive the geoelectric

composition of the investigation area.

The depth of the radio-comparing and control method, depending on the

resistivity value of cover-rocks, may comprise several to scores of meters.

If the resistivity of cover rocks is 50-300 chm, the depth will be within

10-20 m. Using fields of superlong wave radio-stations (10-30 kcps),

the depth correspondingly increases 3-3.5 times /219/.

The main shortcomings of this method: limited depth; possible distortions

of the anomilous pattern of the field due to short time variations of the

radiostations field (specially in the northern areas and also during the

ionospheric disturbances and magnetic storms); effect of conductors of

non-geological origin (power and telephone lines, metal structures, etc.);

effect of highly rugged ground; signal modulation effect of radiostations;

difficulty of exact quantitive interpretation of measuring results. However,

by maintaining certain techniques some of these deficiencies could be

avoided by obtaining positive effect even in difficult conditions.

The ground version of the adio-comparing and radio control method - its

theory, systems of applied apparatus, the technique and results of field work

are most fully described in /202, 221/. The experience of productive

application of this method in various areas of our country testifies to its

extensive possibilities in defining and mapping contacts of various rocks,

zones of tectonic dislocations, ore bodies, quartz veins, lens of under-

ground waters, etc. The devices applied for ground work by this method are

PINP-1 and PINP-2/222/.
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The development of the aerial version of this method is quite

promising, since, according to the physical principles of this 
method, this

version should have certain advantages over the 
aerial versions of the induction

method. The main merits of the method: no effect from the varying 
altitude

of flight, since the use is of the remote zone, and the 
possibility of flying

at an altitude of a few hundred meters without any appreciable decrease in

exploration possibilities of the method.

In working out the aerial version of the radio-comparing 
and control

method special attention should be paid to the construction of the apparatus,

the choice of measurable constituents of the field 
and the mode of their

measuring, and also to the development of rational methods for measuring and

interpretation of the results obtained.

By applying the ordinary measuring device of the field's 
intensity in

ground conditions it is easy to determine 
the amplitudes of all the

constituents of the magnetic field, as well as the 
azimuth and the angle of

gradient of its vector. In the aerial version of this method, with

continuous measuring in motion simultaneous recording of several 
enumerated

parameters is rather difficult. Therefore, at present the apparatus of the

aerial version of the radio-comparing and control 
method records one

measurable parameter. This parameter is usually the mean level of one of

the components of the electric or magnetic field.

In 1957, the All Union Scientific Research Institute of Methods,and

Technique of Prospecting (VITR) carried out experiments 
with the use of the

helitopter version of the aerial RCC (radio-comparing 
and control) method.

Helicopter MI-4. The devices were made in Moscow State University on the

base of interference gauge IP-12. The initial experiments gave negative results

However, in 1960-61, positive results were obtainedby means 
of the same
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devices.

The geophysical laboratory of the All Union Scientific Research

Institute of Hydrogeology and Engineering Geology of the Ministry of Geology,

USSR, used the helicopter version of the aerial RCC method for exploring

lenses of fresh water in the desert areas of Kara-Kum. The results of these

investigations were also positive. During the experiments, determinations were

made of the optimum altitude of flight. It was found that, in the search for

large objects, such as lenses of fresh water, omurring among saline ground

waters, the flight altitude had hardly any effect on the survey results. The

limit flight altitude could be taken as 1000 m. Due to variation of the

field's intensity with removal from radiio. sation on extensive source of survey,

corrections have to be inserted for variations of the normal field.

To obtain the greatest geophysical information, it is desireable to study

with the use of the aerial versions of RCC method the phase composition of

electromagnetic fields. Phase measuring provides the possibility of dividing

the fixed anomalies into ore and rock products. However, the measuring

is hampered by the time variations in phase structure of broadcasting

stations fields, necessity to measure phases without a key signal from the

source of the field, etc. Attempts were made to compensate the latter by

using additional ground radio-station, which would transmit the key signal.

However, this type of system was found to be rather complicated and the

possibilities of its application limited. A method was suggested ofamplitude-

phase measuring of radio stations fields by comparing values of the measure-

abl xi --constituents of the field in the anomalous zone with the corres-

ponding values in non-quite complicated and was not developed practically.

More promising may be assumed the relative phase-measuring by means of

two combined reciprocally perpendicular receiving frames, similar to those

applied in the AFMAG apparatus. If the axes of these frames are placed in

horizontal plane, ratio determination of voltages induced in frames, will



- 64 -

make it possible to record the angle of the direction finder. With the

location of receiving frames axes in vertical plane, it is possible to

measure the angle of gradient of the magnetic field vector. To reduce

the level of noise from the electric equipment of aircraft, the receiving

frames should be placed in the outboard gondola.

Also of interest in the aerial RCC method is the manner of measuring

phases, as suggested by G.F. Ignatiev /78/. The principle consists of the

following.

A device is set up on the plane for receiving signals from the ground

radiostation, consisting of receiver 1 (Fig.22), two master quartz oscillators

2 and 3 and the system of automatic frequency tuning (AFT). The AFT system

consists of synchronous phase detector 4, circuit breaker 5, amplifier of

mismatching 6 and electric motor 7, coupled with condenser 9, which

periodically tuned in resonance with the received signal the quartz master

oscillators 2 and 3 with accuracy upto phase. The phase-shifts are measured

by means of the phase-control system, cut in turn by turn to both the

oscillators, consisting of synchronous detector 10, circuit breaker 11,

amplifier of mismatching 12 and electric motor 7, coupled with phase-inverter

8. The phase-inverter 8 is, in its turn, coupled with transducer (not shown

in the figure), which is responsible for the cut-in of the pen for recording

the phase-shift between the voltage of master oscillator and the 
received

signal. The given method allowes the obtaining of higher-quality geophysical

information due to the fact that electric properties of the geological section

are being determined not from signal amplitudes of broadcasting and special

radio-stations of the long wave band, but from the variation of phase-shifts

between the signal of radiostation and the signals of master oacillktors
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set up on the aircraft. Phase-information is more stable against interference

than the amplitude information and less dependent on non-geological factors.

Unfortunately, this method has not so far been tested in practice.

I

fo

1 7

12 
6

Fig. 22.

Thus, the expediency should bep pointed out once more of the further

development of method, verification of theory, perfection of apparatus,

etc., in order to produce quicker commercial samples of apparatus for geophysical

exploration by the aerial RCC method, the potentiality of which has been

proved by the investigations (106, 202) carried out.

****** **** *
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Chapter - III - PRIMARY HKFLUOUC ELECTRO AGNETIC FIELDS,

USED IR AEIAL ELECTRIC PROMPECTING.

1. Formulation of problem.

For constructing a perfect apparatus and developing an investigation

method, in aerial electric prospecting, it is most important to have, besides

information as to the chosen geometry of system, competence of generating

response in receiving apparatus, noise level in detectors of electromagnetic

field, and also data of primary and secondary electromagnetic fields.

In order to provide a sufficiently complete picture of primary electro-

magnetic fields, used in aerial electric prospecting with harmonic field, this

chapter will discuss fields of a single oscillating dipole, of circular frame

with current and circular rotating magnetic field, applied in near zone methods

(induction methods), field of rectilinear infinitely long cable, applied in

methods of combined zone (BDK method), and the field of long wave broadcasting

and special radio stations, used in methods of remote zone (radio-comparing and

control method).

The relationships, shown below, for parameters of primary fields, used in

near, combined and remote zones, make it possible to define the specifics of

these fields (these specifics are of significance only in aerial electric

prospecting).

Moreover, analysis of the structure of primary fields, within location

zone of receiver, artificially excited by various types of exciters, should

provide answers also to questions as to the parameters which are possible to

be determined and the kind of shielding against noise that should be provided

for receiving and measuring devices in these cases.

The main groups of electromagnetic events, studied by methods of

o.rial electric prospecting, correspond to particular form of Maxwell's
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series of equations (18, 83). In the near and combined zones Maxwell's

equations for time harmonic electromagnetic field are usually written

in complex form as follows(75,162,):

rot H = j 3 E + ; )

rot E = - jp ; )

D E)

B = RH.

For a quasi stationary field or a field, in which the variation

processes pass sufficiently slowly, the right/hand portion of the second

iaxwell equation (II.1) differs from zero, i.e. the given equation depicts

in differential form the law of electromagnetic induction.

The series of equations (III.1) is resolved, ordinarily, with an

estimate of boundary conditions and idealization of lower half-space ad a

uniform medium, and taking into account geometry of system in real aerial

survey.

In remote zone wave type expansion of electromagnetic field takes

place, which can be determined by Umov-Pointing vector, directed along the

movement of propagating wave (52):

= EH, (111.2)

where H* - conjugated complex of magnetic field intensity.

In this case:

E = E e j ( 0 t +f 1) = E e j 1,t (III.3)
m m

H = H e j  t + =P42) = H e j  t
m m

where Em and Hm - complex tension amplitudes of electric and magnetic field

respectively.

E E e j 1 land H = H e j 1 2

m m m m



- 68 -

Resolution of the series of equations (III.1) - (III.3) with certain

allowances permits, for practical purpose with sufficient accuracy to

characteriee methods of aerial electric prospecting with harmonic field

and their versions. In particular too many allowances are allowed in the

use of near zone method, the numinber of versions of which used in the

aerial electric prospecting is considerable. For instance, primary field of

induction aeromethod, excited by oscillating frame located in the

aircraft, is analyzed on assumption, that this frame and aircraft

are both in uniform medium (air) at an altitude, where the effect of earth

surface could be ignored without any detriment to accuracy of calculations

(69, 132).

It should be pointed out, that in near zone versions field detector

could be located in relation to oscillating frame outside the contour,

formed by turns of oscillating frame, and at distances considerably

exceeds dimensions of contour (spread out frames), as well as within this

contour or in its immediate vicinity (combined frames). Accordingly, the

approach to deduction of relationships, characterising electromagnetic

field at the point of field detector could also be ambiguous: the

oscillating frame could either be taken as magnetic dipole, or as a

closed loop (circular turn) with current.

In aerial versions of induction method with source and field detector

spread out in space, the oscillating frame is frequently located in

horizontal plane parallel to ground surface (see para 1, chapter II). But,

if the application is of more composite construction of the oscillating

frame, e.g., as in the version of rotating magnetic field, then out of the

two frames, generating this field, one should be located in the horizontal

plrne, and the other - in vertical. Field detectors in these versions are
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invariably placed in outboard gondola, towed by plane or helicopter by

means of wire cable. The gondola is placed in vertical plane passing

through the aircraft in direction of its motion. Orientation of field

detectors in relation to oscillating frame varies in accordance with the

chosen version.

In deduction of relationships, which determine the primary field in

the near zone for versions with the spread out in space source and field

detector, the consideration is only of induction zone. Primary field can

be taken as quasi-stationary and the effect of electromagnetic field

expansion need not be taken into account ('162.). Simultaneously the zone

in the immediate vicinity of the field's source is excluded, which

permits to consider this source, Le., oscillating frame, as magnetic

dipole, characterised by a certain magnetic moment m. Therefore, the

oscillating frame, in this condition could-be presented as a point source

(point magnetic dipole) with magnetic moment m = kmz, modulus of which is

m z = /i/ wS,d m 2  (111.4)

and the direction coincides with axis OZ, as shown in Fig. 23.

In formula (111.4) i, w, S - are respectively current, number of

turns and the area of the frame. It is assumed, that the current in

oscillating frame is harmonic time function, i.e. i = Im sin ( t + - i) ,

and is shown by complex amplitude:

I =ImeJ' (III.5)

and magnetic moment of dipole mz with positive values of current in

oscillating frame is directed along the positive semi axis OZ.

The adopted conditions are satisfied also in the case of rigid

fixing of source and field detector on one aircraft with comparatively less
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z

Fig. 23.

space between them, but only if the geometrical dimensions of the source

and detector are considerably less than this spacing (i.e. less than

the spread between the frames). If, on the other hand, the receiving

frames are arranged in the immediate vicinity of the oscillating frame,

then in the estimate of the primary field it is necessary to take into

account the configuration of the oscillating frame. The intensity of the

magnetic field is, generally, calculated from more composite formulas,

containing elliptic integrals of Bessel's functions. Only with

disposition of receiving frame, within the plane of oscillating frame,

but outside its contours, Will there be the constituent of primary

field, parallel to axis OZ (the other constituents are not present),

calculations of which present no difficulties.

In the aerial version of induction method, when the receiving frame is

disposed within the oscillating one, the primary field is calculated by

methods, apped in determination of intensity of magnetic field of circular

current near the center of the circular turn, etc.

In calculations of the field in aerial BDK method there are some

specifics. First a resolution of wave equation has to be found, which or

the lines of space at certain points has the type of property, that when

approaching them the field strives towards infinity in a certain way.



- 71 -

Then follows determination of the field's behavior in the vicinity of these

points for unambiguous determination of the nature of the finite, but

insignificant in geometrical dimensions source, which generates the field

of the indicated composition (30, 75).

In estimations of remote zone in aerial electric prospecting, no

special allowances are allowed.

2. lagnetic field of a single oscillating dipole in uniform space.

Let's take an oscillating dipole with magnetic moment m, situated in

uniform space and having a random orientation in respect of the adopted

system of coordinates. The dipole of oscillating point with random

direction of magnetic moment is in the center 0 of rectangular system of

coordinates, as shown in Fig. 24. In this case for magnetic moment m of

dipole we get the following equation:

m = m + jmy + km = m + m + m , (111.6)

where m , m and m - constituents of the moment on axes of coordinates,
x y x

m = im ; m =my ; m = km ; i, j and k - single vectors (orts).
x x y y z

Vector magnitude of magnetic moment, i.e. its modulus

m = //= m2 + m2  (111.7)
x y z

and the anglese , and y, formed by the positive direction of axes OX,

OY and OZ with vector m, are determined by relationships

m m m
cos C(,= cosp = - cos) .

m cos 0" 7 Tt mz (111.8)

If magnetic moment of dipole is oriented along axis OZ, according to

most of the aerial induction methods (see Fig.23), then m = m = 0, mz = iwS,
S y (see ter

i = km = m (see term (III.4)).
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Now let's pass on to the analysis of magnetic field, generated by this

dipole t the arbitrary point P of a uniform space, and determine the

perceptible by field detector constituents at this point. For calculation

of the field we use vector constituents of magnetic field intensity

Hx, H y, Hz (in Cartosian coordinates ) and Hr, H t , H (in spherical
f

coordinates).

ZJ

x -

Fig. 24.

Vector of magnetic field at point P, by radius-vector r ('ig.25),

will be accordingly /198/

9E = -- I (III.9)
4fr 4 7 5

In spherical coordinates the terms for constituents of vector H at

the given point P have the following form /83, 162/:

radial constituent
2m cos E

H= s z (III.10)
r 4 7T r3

tangential coinstituent
m sin e

H = (III.11)
4 JT r3

azimuthal constituent

H p= 0, (111.12)

where r, 8 and ? - spherical coordinates of point P in relation to

origin 0, located in the center of oscillating frame (see Fig. 25).
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Due to symmetry in respect of axis 02 / equations (III.10) - (III.12)/,

expressed by the independence of the constituents Hr , He and HIc from

angle Ta , the selection of the zero or meridional plane, in respect of

which the azimuth reading is being taken, could be arbitrary. Therefore,

if this is not stipulated, we will assume, that the given plane passes

through axis OX, and the point P is in the plane YOZ.

H,iP

0 U
- x

Fig. 25.

In these conditions the perceptible in aerial induction method will

be either vertical or horizontal constituent of the primary magnetic field

(with one receiving frame) or both simultaneously (with two receiving

frames). In Fig.25 the vertical constituent H is parallel tomagnetic

ihment of dipole, and the horizontal Hh is perpendicular. To ensure the

reception of the chosen constituent of the field, each receiving frame is

given a corresponding spatial position. Therefore, in order to find the

intensity of e.m.f., induced in receiving frame of one or another

constituent of primary or resultant field, it is necessary to have terms for

determination of vector H modulus of the primary magnetic field intensity

as a whole, as well as of its constituents - vertical Hv and horizontal Hh -

as functions of the oscillating frame magnetic moment and coordinates of

the location point of receiving frame in the chosen system of coordinates.
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Vector medulus

/ / = rH + V + , (111.13)

Substituting in this equation terms (III.10) and (III.11) and implementing

simple conversions, we get
m_ _ _ _ m

/ H / r 3z - + cos 20= 8r
3 2 2 8Tr.14)

--\10 + 6 cos 2 .

On the basis of Fig. 25 when the terms (III.10) and (III.11) for

vertical and horizontal constituents are taken into account, we find the

following parities:

H = H = H cos 8 - H 0 sin e ;v z r

(III.16)
H = Hy = Hr sin 6 + He cos

Substituting in equation (III.15) terms (III.10) and (III.11) and

implementing simple conversions, we obtain

m
H = ( 1+3 cos20) ;

v 8 1r 3

m
H = 3 sin 20
h 87 r 3

We bring in signs

2 (1+3 cos 2 ) = F " sin. 2 = F (

Then
m

H F (0)-v 4 r 3  1

m F(111.16)

H z F2 ( )h 4 r r 2

Angle between field vector H and dipole axis

R h 3 sin 2 . (III.17)arctg H v arctg 1+3 cos 2



S75 -

If we follow the variation progress of relationships F1 ( ) and F2

(), which enter into formulas (III.16), with angle 0 variation from C

to 1800, we would get the directivity pattern of vertical and horizontal

constituents of the intensity vector of the primary magnetic field in

horizontal oscillating frame (Figs.26 and 27), With the set mz and r

it is possible to determine from these relationships the intensity and

sign of the constituents Hv and ah for any point of space surrounding

the oscillating frame.

The directivity curves (see Figs.26, 27) are symmetrical in

relation to axis OY and OZ. Therefore, change of direction of oscillating

frame magnetic moment to the opposite does not change the directivity

pattern. This is of significance for further correlation.

Let us pass on to deduction of relations determining the constituents

H, Hy and H of the intensity vector in magnetic field of oscillating
y z

dipole for the arbitrary observation point P (Fig. 28). Formulas of

transition from spherical coordinates to Cartusian retaining signs taken

in Fig. 28 we write as follows:

x = r sin ecos; r 'x2 + y2 + z2 ,

y = r sin 1sin; ,= arctg ) (III.18)

2 2
z = r cos 9 ; $= arctg xz+

z

iFrom Fig. 25 and 28 it follows, that

Hx = Hh cos T ; Hy = Hh sin P ; H = Hv (III.19)

Substituting in equations (III.19) values of constituents I-h and

Saccordintoh according formulas (111.15) and (III.16) ,we get the terms forV
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Z 180080

/1 P

x y y

-x 8 r 3

H = r  3 sin 2 sin ; )

ig = (I+ co 22) . )2

sin n H a functi ; cos s r a 2 '

y 3

8 x+ 2

H = . z (1+3 cos 2 e ()
z 8 " r3

Let us express sin 2 (and cos 2 in terms of Cartusian coordinates

Since

then

and cos 2 = cos n- sin 2

I+ tg

H I 8-p11 3 (1+3 cos28) 

Let us express sin 2 sand cos 2 in terms of Cartusian coordinates

Using trigonometric conversions sin 2 .= 2 sin cos = 21 +tg

and cos 28 = cos 2 .- sine 2 2 1, ve find
1+ tg
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2 + 2 2 2
sin2 2 2 2 cos 2 2 2

x +y + z x +y+z

(111.22)

Substituting in equations (111.21) the determined values sin 2 0

and cos 2 e , we finally obtain

3m 3m

S + (x +y2+z2 ) 4 .J r
(III.23)

3m 3mzz _ _ __4 _ _

H 2 2 2 5/2 y =Y 4T(x2 +y + 2 ) 5/24 fr

m

5/2 (2z 2 - x 2 -y 2 )
S 47T(x +y +z )

- 5 (3z2 - r 2 ),

4 -Ifr5

as 2z2  2 2 = 3 - (2 + 2 + 2) = z2 - r2

For the intensity vector modulus of magnetic field of dipole we

write

/ H / = H2 + H2 + H2 . (111.24)
y z

Substituting in equation (111.24) values of constituents from

terms (III.23), we find the value for modulus in terms of Cartusian

coordinates;

/ zm 1T(x 2 y2 ) + z (5x2 + 5 2 - 4z2 )
4 ]T r5  (III.24a)

Since

rm = z2 +2 + z2

then
m 2

//z -s 3 -2 + 1. (III.24b)
4)jTr r
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In terms of cylindrical coordinated Vector modulus will be

/Hm 2
H 3/2 2 2 + 1. (III.24c)

47T( 2 +z2 ) 2+ 2

Similarly deductions are made for constituent determination of

the intensity of the field in oscillating dipole with magnetic moment,

directed along axes OX and OY.

For instance, for dipole mx with magnetic moment directed along

axis OX (my = m = 0, m = im = m constituents for the same observation

point P in spherical coordinates (see Fig.25) with denotation of the new

polar distance by will be written as:

2mx cos )
r 4 /Tr 3

H mx sin ; ) (III.25)

4 7 r

(the azimuthal constituent E H due to symmetry of the field in relation to

axis OX will not be present). Constituent E , h and h of the same
x y z

dipole in Cartusisn coordinates will be obt&ined as

H = (3x 2 - r 2 ); )
x 4jr 5

3m
H = xy; ) (III.25a)
Y 4j7r 5

3m 1H mx xz.
H 4 r5

For modulus of magnetic field intensity vector we will get

equation:

/ = x 5/2 (4x2+5y2+5z 2 )+(y 2 +z 2 ) 2

4 )7j(x +y2+z 2 ) 5/2

mX 2r3 + i. (111.26)

4 T r *r 2
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In cylindrical coordinates modulus of vector H will be

determined by relationshp:
m . 2 2

/H/ x C f cos + 1. (II.2)
47 ( /2+z2 )3/2 2 + z2

Let us analyze the nature of changes in relations F (0) and

F2 ( 0) from the viewpoint of selecting optimum system geometry for

aerial induction method.

o i,w,S

/_

Fig. 29.

From Fig. 26 it follows, that the best geometry in measuring

vertical component of resultant field has the set up with the drift angle

of gondola 0, near to 54045 ' (vertical constituent of the primary field

is not present). With the rigid geometry of system oscillating-receiving

frames, the resultant field at the point of reception will be determined

only by the secondary field. However, it is practically impossible to

obtain this rigidity of the system's geometry, therefore, negligible

deviations of the receiving elemnt from the vertical will result in appearance

of varying intensity noise, caused by the primary field. Due to constituent

H , being highly dependent on angle , the unstability of interfermce

will be very high (when the polarity of the interference is varying). This

relationship is less strongly defined et points, where a 0 or $ = 900.

The indicated points are most acceptable for receiving element ( specially
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with e = 900), in spite of the fact, that at these points magnitude

of the vertical constituent will be maxinum. In this case it would be

better to compensate the constant interference by eledtric means.

According to Fig. 27, the best geometry for measuring horizontal

component of resultant field with rigid fixing of receiving frame will

have the set up With drift angle being zero or 900. However, these points

evince the highest dependence of Hh on angle 8, therefore, the

instability of interference here is also maximum. At = 450 the

horizontal component is maximum and the unstability of interference is

minimum. Hence, points with angle 6 , equal to zero or 900 for vertical
constituent and = 450 for horizontal are the most acceptable for

placing field detectors, since at these points interference from changes

in the system's geometry is minimal.

Hence it follows, that it is possible to plan several patterns for

the apparatus of induction method (single-plane or helicopter) with the

spread in space of oscillating and receiving frames. The different

patterns are determined by the location point of receiving element in

respect of the field source, as shown in Fig. 29:

1) ? P(point P1) - helicopter pattern, when transducer

(oscillating frame and detector (receiving frame) are located on one

vertical line;

2) 9 5450 (point P2) - "Canadian" pattern;

3) G1650 (point P3 ) - induction method pattern, realized, for

instance, in apparatus AERI-2;

4) 19i90 0 (point P4) - plane and helicopter pattern, when the

transducer and detector are at the same altitude.
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3. 'iagnetic field of oscillating frame in the form of a

circular turn with current.

Let us analyze the basic means of determining the intensity

components of the primary field near the oscillating frame in case, when

this frame could be takes as circular with turn radius R and energized by

current with complex amplitude I m. !;e assume, that the distance between the

frames is comparatively less (radius of oscillating frame is slightly less

than the center interval of oscillating and receiving frames). This type

of set up refers to patterns of aerial induction method with combined

frames.

We use the cylindrical coordinates P , , z. Axis OZ we direct

along the axis of circular field, and the center of turn place at the

origin of coordinates, as shown in Fig. 30. In this case, as we know,

the field of circular current does not depend on coordinate 9.

P

Z
SOR

R
Yr

.I PH c. 30. 1
Fig. 30.

In the case under analysis the vector potential A is perpendicular

to planep0Z, i.e. it has only one constituent A , which is determined by

relationship /297/: IT 7'
A im 2I cos d oRIm cossed CP

4F 2 2 22
= R2 + ? 2 +z -2 11 cos 2 O0Y +p +z -2R cos

-k L ((1-k 2 ) - (111.27)
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where k= 4'R R +P)2 + z ; K and - functions R and

determinable ;y total elliptic integrals of the first and second kind.

Since B =/ o = rot A and - 1 rot A, then from relationship
A00

(111.25) it is possible to determine constituents of magnetic field

intensity:

H o= m z + I-P +z I

H =m . + R -P 2 ; ) (111.28)z 2 fr (R+P )2+z2 , _2+2

H?= 0.

If +p 2 2 R2, then

3R 2I p zw

"P= 4r5/ (III.28a)

R2I w P 2

H = m 2-
z 4r3 2

H f= 0.

If in these conditions the receiving frame is placed in the plane

of the oscillating frame, but outside its contour (z = 0), it receives the

vertical component, since the primary field has only one component - Hz,.

parallel to axis QZ (H = H = 0), which could be determined from ratio

Iw r R 2 -P 2

H m + - (111.29)z (f f F) _

At p = 0, i.e. on the axis of the frame's turn, the field also has

only one component, directed along the axis OZ:

R2I w 1/ on Y R2H m m (130)

o 2r 2(R 2 + z ) 3/2 2z
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In the case of receiving frame, being in plane and within the

contour of oscillating frame, but not in the center, the component of the

primary field will be determined by ratio £52)
ff/2

H m , (111.31.

z r(1-k 1 - (k sin' f)2d 14

where k =- (1 (r - distance from the center of turn to point P, at

which the primary field is being determined (position center of the

receiving frame).

R
ZReceiving

Generator \ antenna z
antenna 0

Fig. 31. Fig. 32.

The deterriined integral in equation (III.31) - total elliptical

integral of the second kind E (k, r) is determinable from table

according to the value that, k = sin 52/.

In the center of the frame's turn, when k = - = 0 (coordinate

r = 0), we have E(k) = 1.57(29). Therefore, from formula (111.31) we

find:

Iw Iw
H = m m

z 3.14R(1-0) 1.57 =2

Thus in the center of the circular turn:

, I w
H (III.31a)

Components of the primary field could be determined from somewhat

different formulas on condition, that the center of the field is
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arbitrarily displaced in relation to the center of oscillating frame.

Here are the basic relations for the calculations of primary magnetic field

at point of field detector for this case.

For conveni6nce of calculations we assume, that the oscillating

freme has the shape of a circular loop of radius R with number of turns

w and is energized by harmonic current, shown by a complex amplitude Im

and the size of receiving frame (coil) is immensely less than that of the

oscillating frame. The field detector receives either H or H component,
y z

depending on his position with respect to the oscillating frame (Fig.31).

If we take the circular loop axis O'Z for the initial axis of

coordinates, as shown in Fig. 32, then for points on axis OY with = 900

and r = y (r - length of radius-vector, - polar distance to point P),,

formulas for complex amplitudes HI and H of horizontal H (t) and verticaly z y

Hz(t) components of the field's intensity H with accuracy upto terms of

the second order of smallness (higher precision in components determination

is practically inexpendient) would have the following appearance /128, 252/:

H 0,75I wRz - 5 R2 - 42 )y /05 8 4 ooP5 o (111.32)

2  2H = 0,5 IWR 1 +-- 2 (R2 _ 4z2)
z m /03 ,4 4 0

where z = 00'.
0

At the origin of coordinates, at point 0, we have

Om5 I R2w
Rh = ; H = m ,
y o 3

i.e., we arrive at the term corresponding to the formula (III. 30)

In case Z = 0 that is to say Po= R; in the centre of the obtained

generating frame (at point 0).
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H = 0; H 0,5 Iwy z-
o R

i.e. we arrive at the term, corresponding to formula (III.31a).

4. Circular rotating magnetic field

Let us deduce the principal relations for magnitude and direction

determination of the intensity vector of rotating magnetic field Hrot

in a uniform space. Position of axes and oscillating frames (dipoles with

magnetic moments mx and m ) is shown in Fig. 33. Wle carry out calculations

for arbitrary point P with Cartesian coordinates X, Y and Z.

HP

o

Fig. 33.

The sources of the field - dipoles m' and m - are placed at
x z

the origin of coordinates. In the case of rotating magnetic field moduli

of the magnetic moments of these dipoles will be /130/:

m = m cos )t;Z 0
(111.33)

m = m sin 6)t;;

where according to equation (III.4) m = I S
0 W
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The intensity components of the field of dipoles mZ and mx on lines

of coordinates OX, OY and OZ are determined from formulas (III.23) and

(III.25a) respectively.

The resultant intensity components of rotating magnetic field TP

are determined as sums of corresponding intensity components of fields,

generated discreetly by dipoles with moments m and m :x Z

HP =  x  z HP = HX + HZ HP = H + H z.
x x x y y y z z z

Therefore, according to equations (III.23) and (III.25a) we get:

m 2 3m
H x -- (- - 1) + xz;

x 4r 3  r2  r 5  z;

HP = y (m.x + m z); (111.34)
S 4 r5

HP  3mx x+ 3z2

z 5 3 2
4Jrr 4fJr r

Substituting in equation (111.34) x, y and z from formulas (III.18)'

we get the terms for components of vector P as functions of spherical

coordinates:
m 3m

Hp = 4 (3 sin2 cos 2  - 1) + -3 sin sos cosr; (III.35)
4 jTr3  4 ffr3

3mx 2 3m z
P = sin sin cos + sin cos e sinT;

Y 4 Fr 3  7 T r 3

3m m
-= sin t cos cos + -3 (3 cos 2 g -  ).4 r 3  

4 r3

Substituting m and m from formulas (III.33) in (III.35), we get:
x z

HP = a cos t - b sin6t; )x x x

HP = a cos 6t - b sin6Wt; ) (III.36)
y y y

HP = a cos) t - b sin)t, )
Z Z z
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where
3m

a = 3m sin 0 cos O cosq9;
x 4 -T r3

a = 3m sin 9 cos 9 sin cp;
S4 r3  (III.37

a mo 3 cos 2 9 -1);
z 4 ELr3

b 0 0 (3 sin 2 9 cos 2 - 1 );

x 41 r

3m
b2 (ii.37-a)b = 5sin 9 sinqcosp ; (III.37-a)

3m
b = 0 sin 9 cos 9 cos CP .

z 4 tr 3

Vector H P could be shown as

R = a cosWt - b sinCO t (111.38)

where

a= ia + ja + ka; b =ib + jby + kb (III.39)

With an estimate of equations (III.37) and (III,37-a) we get

o 2
a = 3 cos 9 + 1;

4:3 r C (111.40)

mo
m 4 3  3 sin 2 @ cos !+

In accordance with parity (111.38) vector H can be taken as a

sum of two vectors 30)

M1 = a cosW t; 2 = - b sin COt, (111.41)

moduli of which oscillate harmonically with the same frequency. These

oscillations are shifted in phase at 90.
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It is well known, that addition of fields of two vectors with different

directions, moduli of which vary harmonically with the same frequency and

phase-shift, different to zero, produces the so called elliptically

polarized field. The end of resultant vector of this type of field

describes in space an ellips, lying in plane, determinable by direction of

vectors a and b, which are its semi-axes.

If simultaneously /a/ = /E/ and /Ea/ = 0, there would be a circular

rotating magnetic field. This condition is met, when = - 900, i.e.
m

at points on line OY (or line OZ), when /a/ = // = o 3 In this case
41Tr

the plane, on which lie vectors a and b, is perpendicular to line OY (or OZ).

At any other point the curve described by resultant vector, is an ellips.

The modulus of resultant vector is determinable from equation.

+\/PI= y(HP)2 ( 2 + (H)2 (II1.42)

Substituting in equation (111.42) values Hx, P and HP from equations
x y z

(111.34) and taking into account parities (III.33), after appropriate

conversions and simplifications, we find the modulus of resulting vector in

Cartesian coordinates:
m sin t - z cos ot)

/r /3 2 + 1. (III.42a)
4 1Tr3  r

Substituting in equation (III.42a),values Hp , HP and HP  from
x y z

equations (III.35), we get the value of vector 11p in spherical coordinates:

m 0 '3 2 2 o
/ rsin 2  cos2 + 3 cos 2  c o s 2  t + 1. (III.42b)

The angles of gradient of this vector pertaining to lines OX, OY and OZ

respectively are as follows:
HP

C(,= arccos
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HP

= arcos ---- ) (111.43)

HP

Yarccos /

For determining, position of polarization plane in space in Cartesian

coordinates it is necessary to determine the directing cosines of angles,

formed by perpendicular to this plane and the lines of coordinates.

The single vector of the ellips plane perpendicular can be

determined from formula:

- -,a) (111.44)

where(b a)-vector product.

Therefore, from formulas (111.44) and (111.36) we get:

. ba -ba
cos Oe.= cos (n, ) = z z

- a - ba z (III.45)
cos = cos (n, Y) =

ba -ba
cos = cos (n, z) = x v

where cos (L, cos and cos Y - directive cosines;

q = (a)/ - (byaz - bzay) 2 + (ba - ba) 2 + (b - byax)
y z z y Z 9t x Z x y y x

(III.46)

Having substituted in parities (III.45), (111.46) values ax , ay, az'

bx, by , b from equations (111.37), (III.37a) and carried out appropriate

trigonometric conversions,- we finally obtain:

cos c= 3 sin2 sin cos

4 - 3 sin2  sin2 0

cos = 2 - 3 sin 2 &sin 2  (III.47
c4 - 3 sin'O sin q)
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cos 3 sin Ocos 6 sin q)os 2
- 3 sin2 &sin

The obtained equations make it possible to calculate primary field

at the placement point of receiving frames P (Fig.33) for a single-plane

pattern of induction aeromethod with the use of circular rotating

magnetic field. This pattern is not free from the effect of changes in

geometry of the system, as confirmed by some of the authors (e.g./117/).

Even on condition of ensuring the required angle, between the oscillating

frames, polarization plane of the circular Vi at point P will not be

perpendicular to line OY (or OZ). Therefore, the effect of angles 0

and 1 on polarization plane dip will not be eliminated. ioreover, even

with perpendicularity of vectors a and E (phase shift of e.m.f. in

reception frames by -JT ) moduli /a/ and /b/, on the basis of equation

(iII.40), are not reciprocally equivalent, i.e. vector of resulting

field describes an ellips with rotation around its axis. Thus, e.m.f.

induced in receiving frames after obtining time shift of one of them

by 2, also will not be reciprocally equivalent in amplitude and their

reciprocal compensation will be disturbed.

In order to obtain move-out of signals equal to zero, it would be

necessary to lead in, besides the phase-invertor, also amplifier with

conversion factor other than one (this factor is the function of

coordinates) or to change the intensity of current in one of the

oscillating frames.

For a two-plane pattern of VMP (see Fig.16) the rotating field will
m

be citcular along the line OY, when conditions /a/ = // 4 r3  ,= = 900

* VIP = rotating magnetic field.
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are satisfied. The plane, in which lie vectors a and b, is in this

case perpendicular to line OY, i.e. - flight line of the first plane.

The resultant vector of magnetic field, retaining its modulus

invariable, rotates around the flight axis of the aircraft with

oscillating frame at angular velocity, equal to angular frequency of the

current, which excites the field. Vith the similar parameters of

receiving frames and the presence of a uniform medium in the area of

flight, the primary field will induce in receiving frames variable

voltages similar in amplitude, but shifted in phase by 90 . Since one

of these voltages by means of a special phase-invertor turns in phase at

900 and is subtracted from the other, the resultant output signal will

be equal to zero.

According to the symmetry of the spread, shown in Fig. 16, with only

the primary field present some chnages in rotation angle of oscillating

and receiving frames around the axis OY, and also the simultaneous

variation of current amplitudes or initial phases in both the oscillating

frames will not result in appreciable change in the balance attained.

Only in the presence of a secondary field distance variation between the

mobile objects will slightly change the value of unbalanced signal.

On the basis of determining characteristics of the near zone

aeromethods (induction aeromethod) given in chapter II and relations

obtained in paras 2-4 of chapter III for calculations of primary field

at the point of field detector a summary Table 1 has been composed.

Data of Table 1 permit to determine the relative magnitude of

mechanical error in the analyzed patterns of induction aeromethod.

Knowing parameters of field detector it would also be possible to calculate

the absolute value of mechanical 'interference. The value of this
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interference for the patterns of the first group (see para 1 Chapter II),

except the single-plane pattern of VIP, is determined directly from

formulas for the value of primary field component, received by detector.

For the single-plane version of VTLP of the first group and versions of

second group the magnitude of interference is indirectly directed from

formulas, which take into account the difference (ratio) of signals, induced

in detectors by the received components of the field. In both the cases

the value of mechanical interference depends on parameters of the primary

fields sources and coordinates of field detectors (their position in

relation to field source). Practical methods for determination of

mechanical interferences are discussed in chapters IX and XIII.

5. Field of the rectilinear infinitely long cable.

The field of infinitely long cable with assumption of the uniformity of

earth was initially calculated by Fok and Bursian (21'); the field of

finite length cable is discussed in works (41,42).

In aerial electroprospecting in calculations of the cable field the

analysis is, usually, of its quasistationary approximation. It is assumed,

that for air the wave number k = 0, and for earth:

k =C ' j :(1 - j) 2 - 1

where f- specific resistivity of earth, 0I.i . M;

f - frequency of exciting field, cps.

Constituents of the cable's magnetic field H is found from the values

of vector-potential (1 - rot, A). It is convenient to resolve this
to

problem in relative dimensionless coordinates according Dmitriev (68, 69):
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il=Jk1 x=2 -12 Jr X z=2 1

where - wave length within the earth; x, z - coordinates ( see Figs.5 and

41).

Expressing constituents of the cable's magnetic field in terms of

horizontal component of vector-potential Ay, directed along the cable,

we get:

= 10
x 2

hy =4

H = 10-3 I _ (111.48)z a4i

where I - current in cable, a.

A value is determinable with fulfilment of the following conditions:-

S=0 at 2>0(11149)

SAy - jAy = 0 at, 0O;

A and ~A are continuous at i 2 = 0

Y 4 2
Along the cable A ylnr at 21 = O, 2 O; in infinity A = 0.

As a result we get:

S ej $2k cos 1 tdt
A = 2 e at 2 '2 0;

0o t+ 2J71-io (III.50)

With an estimate of equations (III.48) and (III.49) for the

constituents of magnetic field above the ground surface we have the follotina
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expressions: t

S -3 2 V2 - - 2t cos dt

x A tdot+; +  (111.51)

H = - 10- 3  2 2 4 I e 2  sin t dt.A. __t _ dt.
z I t+ V t + j

Integrals in equations (III.51) are shown in the form of series and

are determined by term-by-term integratio
)

If the field is analysed at x then in the indicated

expansion, with sufficient accuracy for practical purpose, it is possible

to be restricted to the first term only.

Thus, far from the cable constituents Hx,Hz on the basis of

equations (111.51) and (68) could be shown as:

% -3 21 . (1 - _J )H = - 10 ;x 1 2 (III.52)
1

H 1-3 .. [41 - ( ' 2)

If moduli \H\ H Hz,\ are compared, we get equation:

S = 2 1+ (III.53)

which testifies to the fact, that modulus Hz\ decreases with distance r

considerably faster than H Therefore, in aerial electric prospecting

by BDK method, when the investigation has to be carried out on as large

as possible area with one laying of cable, it would be more economical

to measure constituent Hx and not H .

(*) Integrals of type cos ltF(t) dt and sin tF(t) dt on
0(Continued on bottom of the net page)

(Continued on bottom of the next page)
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Experience shows, that in resolving the technical problems in aerial

electric prospecting, it is sufficient to use the approximate formulas

(III.52), which are true for the central profile with cable of infinite and

finite length /68, 216/. In other cases it would be more rational to use

precise formulas (111.51) or curves obtained on analogue specially for

problems of aerial electric prospecting /41/.

6. The field of long-wave broadcasting stations and radio-stations

of special designation.

Methods of the high-frequency aerial electroprospecting (distant

zone of sub-group with harmonic field) are based, as pointed out, on

studying certain paraneters of electromagnetic fields, in particular of the

fields of long-wave broadcasting radio-stations and of other radio-stations

within the area of investigation map.

In geophysical aeroelectro-prospecting by radio-comparing and control

the use is made of surface radio-waves, propagating above the ground

surface-and partially enveloping it due to diffraction. In certain

conditions the effect of ionosphere and diffraction could be ignored,

assuming, that the atmosphere is a uniform medium, and the ground surface

(continued from the back page)

condition, that function F(t) and its derivatives are converted into zero

at infinity, should be shown as (68):

00 Fc (2n -1)
cos' ltR(t) dt =1 (- ) n  2n

0 n=l

Ssin ~tF(t) dt = (- ) n  1(2 n

0 n=O
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flat. This permits to assume, that the propagation of radio-waves

depends only on electrical properties of rocks composing section of

earth crust, chosen for the geophysical investigations.

Long radio-waves (in air A0 ; 3000 m), applied in radio control

method, are characterised by comparatively low absorption in the earth.

Moreover, due to refraction they are capable of easily enveloping the

earth surface. Starting from a distance of 60-200 kmn from the source,

radio-waves are to a certain extent affected by space-wave, reflected from

the layer of ionosphere, the altitude of which in day-time is 70 km,

and at night - 85-90 km. At minor distances the surface wave is

predominant. This permits to calculate the field's intensity from formulas

of.ideal radio-channel.

The space-wave affects the field's intensity at the point of reception,

which results in errors of non-geological origin. Usually at night the

intensity of the field is higher than during the day. However, according

to numerous data, the field is more stable during the morning and

partially during the daylight hours, i.e., at the usuaul time of

implementing aerogeophysical investigations, at 150-200 km from the source.

The superlong waves, with frequencies less than 25 kcps with

propagation at considerable distances are well reflected from the lower

ionized layers both at sight and during the day. Due to this and minor

damping with reflection from the earth this type of waves propagate to

greater distances in the unique wave guide, formed by earth surface and

ionosphere. The field of superlong waves is distinct by the stability of

amplitude and phase. However, even in superlong waves their regular

variation is evident with changing distance and transition from day to

night. The significant positive quality of these waves is the possibility

of deeper penetration into sea water.
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Results of investigating propagation of long and superlong waves

are given in detail in the work /173/; the obtained data should be

estimated in aeroelectro-prospecting in distant zone.

It may be assumed, that generally the problem of investigating

propagation of radio-waves from the set properties of emitter is reduced

to the following: determination of the main initial parameters -

location, thickness, actual height of antenna and emitter's wave length;

study of the medium's properties along the selected track - conductivity

dielectric permeability e , magnetic permeability.l* and determination

at reception point of intensity vectors of electric E and magnetic H

fields (their amplitudes, phases, orientation in space, etc.), and also

of Umov's and Pointing vector.

Questions regarding theory of radio-waves propagation in application to

some problems of geophysics have been analysed by Sommerfield, Van der Pol,

V.A. Fok, L.I. Kandelstamp, P.D. Papalexi /149, 214/ and others. The more

detailed analysis of radio-waves propagation and anomalous changes of

electromagnetic fields in application to ground and aerial electro-

prospecting by radio-control method is given in works /201, 202/.

Let us present briefly these most significant aspects of the theory

of radio-waves propagation and characteristic features of electro-magnetic

field at point of observation.

It is well known, that for surface radio-waves (long and medium)

field intensity of radio-station signal at any point of the wave zone,

*It is assumed, that within wave range, used for geophysical purposes,

parameters'Y Z and are not dependent on the signal frequency.
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situated within r kilometers from transmitter with P kilowatt power, may

be shown by Shuleikini - Van der Pol formula /72/:

= 245, PD I, V/, (1II.54)
c r

where D - directive gain of antenna; W - dimensionless multiplier,

characterizing energy absorption of electromagnetic waves and dependent on

wave length and the nature of absorbing, action of semi-conductive soil; if

there are no loss of W = 1.

If there is an emitter in the shape of oscillator on transmitting side,

field density could be determined from the following type of relation

/247/:
120 3h I

= -cos 8 MV/l, (111.55)c Ao r

where he - virtual altitude of oscillator, km; IA - highest intensity of

current in oscillator, a; - angular height of the observation point in

respect of oscillator.

From this relation it follows, that the field in distant (wave) zone

decreases inversely proportional to distance from its source.

Geophysical investigations by radio control method are conducted within

a limited area with base points and at considerable distance from the source

of electromagnetic field. In this case the electromagnetic wave in the area

of investigations may be taken as plane wave.

In medium with certain conductivity a and permeability f- the

field decreases with increasing distance from its source according to

exponential decay:
2 1f P?

cE= oe sin L (t - r); (111.56)

H = Hoe sin 6)(t - - r .
c
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where coeff cients of phase and damping respectively will be /75/

(111,57)

= e- _ 1+ + 2

60 = working circular frequency.

Omitting in equations (111.56) the time multiple and bringing in

absorption factor:

b = 2f , (III.58)

we arrive at the well known relations /18, 202, 247/:

-br;
Em I Ee (111.59)

-br
o

Since c - propagation velocity of electromagnetic wave in direction

of propagation,

c V, (111.60)
0L

where c - velocity of light, km/sec, then equation (111.60) determines

the length of electromagnetic wave in medium:

x v c = o (111.61)
f Of 

Parameter -2 (Q - 2 ) in formulas for factors Cy, and B
ef CI. ef

is equivalent to ratio of conductivity current to displacement current in

medium under investigation.

If 2 e0 % 1, the medium may be taken as conductive. When

f ~ 1, the medium in its properties approaches dielectric.

The absorption factors for plane wave and velocity of its

propagation vs. frequency f and conductivity hat constant and known
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value E (for rocks E 9 10) are given in /200, 202/.

In the presence of two.media - uniform and isotropic, the nature of

plane changes. The earth-air interface introduces certain distortions into

electromagnetic wave front, i.e. one portion of it is reflected from the

interface, and another is refraced and passes inward of the second medium.

This results in changing orientation of vectors E and H in respect of

interface, moreover, there will be two extreme cases of their orientation.

The first case - vector E lies within a plane, which passes through

Umov-Pointing vector and is perpendicular to interface. In this case

there is normal polarization or polarization within the propagation plane.

Second case - vector H lies within a plane passing through Umov-

Pointing vector and perpendicular to the plane of interface. Here the

polarization is abnormal, i.e. perpendicular to propagation plane.

The intermediate cases of polarization could be easily reduced to above

two extreme cases by expanding vectors E and H on two axes. For

geophysical investigations in distant zone the application is of normal or

near to normal polarization.

Analysis of two extreme cases of change in orientation of vectors

E and H snows, that with high angle CP between the vertical (line OZ) and

the trend of incident wave, amplitudes of reflected waves are almost

equivalent to those on incident, and the phase shift between them strives

towards 1800. Investigations of fields of remote radio stations confirm

the indicated theoretical deductions.

For normally polarized wave in air medium of distant zone the following

relation is true between the horizontal Ex and vertical EZ components of

electric field density vector:
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E
1 (II. 62)

where the term under the root - composite dielectric permeability of

medium (the index 2 refers to earth medium).

Assuming, that for the air = 1 andl =1(75), we have

H y - . (II. 63)
y z

If the predominant within the earth are the displacement currents, then

/ E /
/ E/ = (11 64)

1 -\2/ 2

and if the conductive, then

E 1 E , (III. 65)
12 1

where index 1 refers to air medium.

Thus amplitude ratio is

/ El /
1 f (1i. 66)

/ El7 = - 2 2

and the phases will be shifted at an angle of 450, which is natural to the

usual geological environment at these wave lengths.

Theoretical investigations show, that with adopted initial conditions

(infinite extension, uniformity and isotropy of media) the vertical

component of the electric field density vector is greater than horizontal

at the air-earth interface. Therefore, the electromagnetic wave may be

assumed to be plane-polarized * /162/. In this case vector E on the surface

*The meaning of the term "plane" wave is the fact, that at any plane z = const

at a given time instant the phase of the process is constant, i.e. the

oscillations throughout the plane are cephasal.
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of earth is inclined forward at an angle:

= arctg - = arctg (111.67)

The relations (111.64) - (111.67) permit to draw some very

significant conclusions for geophysical survey.

1. The Umov-Pointing vector, rigidly horizontal with propagation

along the ideally conductive surface, in the presence of conductive

anomalies acquires a vertical component, directed downward.

2. If in normal field horizontal component of electric field density

vector is low, then in the presence of conductive anomaly it considerably

increases. This permits to enhance the depth of investigations, as the

reaction of conductive body within the earth, shown by variations of

horizontal component, will seem more clearly defined on the background of

the lower value of primary magnetic field.

3. 'ithin the earth the horizontal component of the electric field

density vector, i.e. Ez2 9.Ex2 is predominant.

4. From formula (111.67) it follows, that the slope of wave front,

and therefore the loss within the earth increase with increasing frequency

f and decrement of conductivity (due to increase of induction currents,

which hamper penetration of electromagnetic energy within the earth.

The magnetic constituent of electromagnetic field in normal conditions

(i.e. in a uniform half-space) is always rigidly horizontal, regardless of

the conductivity of rocks. The vertical constituent of magnetic field is

even in a greater degree than horizontal component of electric field, will

be free of the primary field effect/202/. .Since vetor H is:horiz6ntal
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the Umov-Pointing vector is vertical and directed downward. The

amplitude decreaseeof electric and magnetic components of Umov-Pointing

vector with depth occurs in the same way as in the case of unlimited

space. It should be mentioned, that the slope of wave front is above the

earth surface upto altitude in the order of 2-3 'o o. Higher up vector

E acquires an exactly vertical direction.

If the application is of horizontal oscillator, then on the flat

surface of ideally conductive earth the intensity of electric field could

be determined from the following formulas:

horizontal component in equatorial plane

yrh e I A6

Er , /M, (111.68)

where rl and r2 - altitude respectively pf the radiation and reception

points, km;

vertical component within the wave area

Eb= 120 h A sin /M, (111.69)

where * 2 - composite dielectric constant of the top layers of earth

crust, determinable from relation

E = +( 1 + ; (111.70)

e} - angle between direction to observation point and the perpendicular

to axis of horizontal oscillator.

With considerable removal from transmitter the vertical component is

many times greater than horizontal and is used as an object of investigations in

geophysical aeroelectric prospecting.

As has been pointed out, the radio-wave with passage above the earth
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surface becomes partially damped, as in actual conditions the rocks along

the propagation path of the radio-wave have a finite conductivity. In this

case the damping of radio-wave is accounted for by introduction of a special

factor or the absorption function I (rhe), which depends on distance to

field emitter, electric properties of rocks and frequency of oscillations:

S= EO~ P ) s ( (III.71)

where A - certain constant quantity.

Parameter rho, which characterises the absorption function, is

denoted as numerical distance and is determinable by relation /202/:

==Sr. (III.72)
AO.2 4. 2 t' 2

If i .Sineeoinroksinvariablyt i 1t .1 then ., i f ,. .

:r
3 .1 (III .72a)

J10 + f

If the predominant within the earth are the currents of displacement,

i.e. / e. i, then

P o r (III.72b)

But if , then

P A 2 Lr (III.72c)

The numerical distance is determinable from formulas or by means of

special, previously calculated, curves /202/. For determination of function

Is(rho) it is possible to use also the approximate equation

I, ( ) 2 + 0.3 0
2 p + O,6p 2 (III.73).
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CHAPTER IV - SOAE DATA R±GA2DING NORfiAL J i AiNOiALCUS

FIELDS AkiD PRACTICAL RESULTS OF SURVEY.

1. Normal field in aerial methods-of the near zone.

The geoelectric irregularities of the top layers of the earth crust

are always disposed within the surrounding rocks (or media), which are,

with rare exceptions, conductive laminations distortingthe artificially

generated primary field and cause the appearance of so called false

anomalies. Therefore, in aerial electro-prospecting, same as in the ground

one, a field has to be operated, which is a sum of- the field of primary

field source and of the field, generated by cover deposits of the earth

surface. This field is denoted as normal, assuming that it is actually

normal only in the absence of the disturbing object - the subject of

geophysical investigation. In other conditions, an anomalous field,

generated by the primary field source, cover deposits and conductive object

will exist. Therefore, in aerial methods of the near zone, meant

invariably for detecting and investigating the local geoelectric

irregularities (metallization, ore bodies etc.), the normal is taken to be

the field above a medium, not containing these irregularities, i.e.

Hh = H1 + Hmed. (IV.l)

From the analysis data of normal fields in aerial electro-prospecting

it is possible to obtain some information regarding the effect of surrounding

medium on the anomalous field and to determine the nature of false

anomalies, emerging due to variation (along the survey profile) of the

surrounding medium's parameters.

Calculations of the field, reflected from the earth surface (surrounding

medium) component of normal field in aerial methods of the near zone, -

same as calculations of anomalous fields, require highly complex mathematical

computations. The pertinent investigations were conducted in the Soviet
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Union, as well as in other countries and are sufficiently well

elucidated in t38,47b.

Let's take as an example the pattern of induction method of aerial

electric prospecting with the source and detector of the field spread out

in space. The most simple case of the surrounding medium generating in

the presence of primary field source (magnetic dipole or any other source)

normal field, is the uniform half-space. In this case two very rigid

limitations are applied to the surrounding medium: the conductivity is

assumed to be zero, and the primary field is taken as uniform (i.e. i1 =

const). The first limitation determines the second, since from 1axwell's

equations (see paral].chapt. III) it follows, that rot H = ' E, i.e.

the uniform field is only possible at Y = 0.

In actual conditions the conductivity of the surrounding medium is

always different from zero, and the utilized fields are non-uniform and only

in a few cases are near to them. The admissible simplifications ( ) med.

.. 0; H1, *-const) permit a whole series of typical specifications in

the induction method of aerial electric prospecting being defined and

analysed.

Let the source of primary field be at altitude h above the uniform

half-space with the conductivity of the medium )) (or its specific

resistivity p ). The surface of half-space we take as plane z = 0 (Fig.34).

In the case of magnetic dipole with harmonic current by reading of field

phase from the current phase in the source it is possible to assume

(see paral, chapt. III), that

E = E e jet; H = H ejm m m m
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In this the applied fields satisfy Maxwell's equations, which we

write as
2

rot H = j ~ E (IV.2)

rot E = - jk H;

div H = 0;

div E = 0.

where k - wave number in the air, k = k , km , at z > 0,
o c

k = ki (l - j) ko O km-1 , at z < 0 ( - specific resistivity

ohm m, f - field frequency, cps)(69).

The components of electromagnetic field H and E could be shown in

terms of Hortz magnetic vector 1 , which is a function of coordinates and

time and fully depicts the electric and magnetic sides of the wave process.

Z

iFig. 34.

Vector r is subject to wave equation (52,), which ensues from the

first IMaxwell equation for the case of ideal dielectric (v = c; .,IC= +- 2).

Therefore, it is possible to write

7 + k2 f =0. (1.V3)

where k = ko at z '0; k = k1 at z< O.

At the location point of the field's source (r = 0, z = h) Hertz

vector has this feature: r--l -1 while on the interface the marginal
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conditions are maintained as a continuity of fl and a

Assuming that in the cylindrical coordinates ( z, r, (f) the

conducting medium takes up half-space z .40, and its boundary coincides with

plane z = 0 (see Fig.34), let the magnetic field source also 
be in the area

z = h) O. The intermediate zone ( O ze(h) is taken up by non-conductive

and non-magnetic medium (air). In this case vector f for vertical magnetic

dipole could be shown in terms of integrals from the fundamental 
functions

of the set problem (69):

'2 2

2 22 2 d

- 0 (q) 4 q2-k z- q -k0 h P (q qdq at Z Z0.

o

where J 0(qr) - Bessel's function of the first series of zero order from

o o o.......

argument qr; q - factor of damping in direction r; \/q 2 -k - factor of

damping in direction a; f(q) andcp(q) - functions determinable by marginal

conditions.

Substituting these terms in marginal conditions, we get the initial

equations for the determination of functions f(q) and Cp(q):

2 2 2 2
1 + f(q) =() - 2k2 (1 - f(q) = k s(Q)

Hence -2 q 2-k -k (v.5)

2-Vq - k0
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Substituting the obtained values f(q) andP(q) in formulas (IV.4),

we find

-jk R_ e RoR  +

o(qr)e q-k2 
2 + 2 k) q2k 2 at z > 0;

nl = 2 J (qr) e qdq 2 at z 40 .

0 vq Fk 0 
+  -k 1

where R = "(z - h) 2 + r 2

By placing ko=0, we obtain the terms for the determination of

constituents of the magnetic field ( HCE= 0) in quasistationary zone:

S{3r(z-h) -q(z+h) q -/q -k 2
H = R5  j (qr)e 1 +h-k dq ; (IV.7)

2 2 2 2
S2(r-h 5  J ( q r ) e-q(z+h) q- /q- 2dq (IV.8)

R R5  12 h2'o q +fiq

If for the unit of length (distance) we take the wave length in earth

2 I 2 T .i f=l31- , M,A -= - k .105 10 f=103 f

and replace in integrals (IV.7) and (IV.8) the variable q = 2 ; t, we

will be converted to dimensionless distances = r-- and H 2- +h
As a result we obtain:

As a result we obtain:
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=sr(z - h) 16+ -127- 2t t-T t 622i t 2
r A 4 3  j 1 1 t;

R A3 Jt+t +j0

z ... (Iv.9)

= m 2(z-h)2 f2 2 16 -t 5 Jo(2 f I t) e-2/2I t  2 + 2 t 2d
R o t +-Vt + j

Assuming that the field detector is situated at point P at

invariable distance R = V(z - h)2 + r2 from the point source of the

refledted field, which is at point 0, and denoting by the angle between

the vertical and the straight connecting source and field detector

(see Fig.34), we get

z - h = - R cosd; z + h = 2h - R cos0; r = R sinA.

In this case formulas (IV.9) will have the following appearance:

H 1.5 sin 2+

r L Rh s

+ 16 ( 2 / 2 J- sin t) e t t- + J t2dt

A t+ vJ' + j

H = 0.5 + 1.5 cos +
z d R3  ... IV.10)

+ 16 J(2V27rR sinott) e-2i/2r 2h-R cos O _ 2
3 o 0 t t dto t+ t f
The first terms in formulas (IV.10) are the constituents of the

primary field dipole, the second - those of the reflected field.

The variation nature of constituents H1r and H 1z of the primary

field is shown in relative units to distance R and angle in Fig.35. The

actual Re and imaginatory. Ia portions of both the constituents of the

reflected field are shown in relation toO and A at R = 100 m and h = 150 m
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Fig.36

in Fig.36 and 37 respectively (69). According to these figures, the

primary field is considerably larger than the reflected one , which decrease

with the increasing wave length in earth A , i,e. with increment of specific

resistivity.

The magnitude of the reflected field is affected during the su'vey

by decrement of sp. resistivity of the surface layers of earth, which

thereby determine the useful signal, i.e. the anomalous effect in aerial

electric prospecting.

The curves in Figs.35-37 show that at the high altitude of survey the

effect of the uniform earth surface is negligible. With low altitudes of

*) the field densities on curves, in a/m, can be obtained by multiplying

them by factor 4T .1013 ISw, where I - current, a; S - area, m .
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150-200 m this effect is quite perceptible and the magnitude of the

reflected field is composed of several percents of the primary one. The

altitude of flight along the survey route affects the magnitude of the

reflected field, thereby causing interference during the measurements. The

altitude variation of the flight is equivalent to the emergence of anomalous

field variations ( the reflected field attains 10-15% of the primary, i.e.,

it is of the same order with the anomalous field the magnitude of which is

determined by the presence of insignificant geoelectric irregularities).

Therefore, maintenance of a constant altitude of survey in relation to the

earth surface determinesto a considerable degree the quality of results

obtained in aerial electroprospecting.

2. Anomalous fields in near zone methods.

In the aerial methods of the near zone, the anomalous (or secondary)

field is that due to the presence in the top layers of the earth crust of

mainly local geoelectric irregularities. It is determined by electrical

parameters of the geoelectric irregularities, its shape (sphere, cylinder,

plate, semiplate, etc.) and size, working frequency and the type of set up

applied for the near zone method. Thus, the estimate of anomalous field

is a very difficult problem, depending on many factors. For some forms

of geoelectric irregularity, likely to be met with in practice, and a

number of patterns for the aerial method of the near zone, for instance, the

induction method, these problems are resolved in (69, 75, 239, 251).

Let us take the general case of determination of a secondary field

of the simplest, most frequently encountered type of the conductive body -

a sphere of radius a.

In the center 0 of spherical coordinates we place the spherical

conductor of radius a, and at point 0' - the primary field source, for
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instance, the magnetic dipole m with an arbitrary trend of magnetic moment.

The distance between the center of the sphere and dipole we take equal to

b. The surrounding sphere, enclosing the medium for conveniences of

calculations, we will assume as the ideal dielectric ( = 0./u = 1). Axis

ReHz

0,6 A- =500M 0,4 A=500M

1000ooo

0Q4

S *1000500
420-

2000 - 3000

0 30 60 0 30 60 d,. degrees

Fig.37

OZ we direct through point 0', axis OX - along the projection of the dipole

moment onto plane XOY (Fig.38).

z

S 0 Hr
M(.() b Ib

SP

Fig.38

The magnetic dipole with an arbitrary brend of magnetic moment

could be extended into two dipoles - transverse m (TI), parallel to plane

XOY, and vertical (radial) m- (p), directed along axis OZ. Each dipole
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generates at point P corresponding constituents of the secondary field,
2

which could be shown as quickly-converging series at ratio - 1 (63).

For the vertical dipole m(p) we have two constituents of the

secondary field-radial H2r and tangential H2 0, which are determinable by

the following relations (63, 185, 261):

(p 43  0 2 2
H - 2Dm(p) 4b 3 r cos + 3-r ( cos 2  - 1) +

4 2 (Iv.11)
+ 3 (5 cos 2  - 3) cos + .........

H ()= Dm(p) 3 3  sin @ 1+6 Cos 9 +

2 2
+ 2 2 (5 Cos2 - 1) + ......... ; (IV.12)

H(P) = 0. (IV.13 )
2 q)

where D - composite factor, determinible by the conductive body parameter

v= ~ OL =(251).

The first terms of expansion characterise the field of magnetic

OL3

dipole with moment m(p)D 4b 3 , provisionally placed in the center of the

conductive sphere and oriented on axis OZ opposite to the exciting dipole

with moment m( p) . The other terms of expansion:- fields of magnetic

multidipoles, which quickly attenuate, if the source and observation point

are sufficiently distant from the center of the sphere.

For the transverse dipole M(1).
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H D(n) 4Cbr 3 cos sin 0 1 + 6 cos +

+ * r (5 cos2 Q - 1) + (IV.14)

H = - Dm(n ) 4b33 cos cos 9 + 4 br cos 2o +

+ ch bctis (15 cos 2  - l)e... ; ....(IV.15)
2 br

2 ( 1 Dm() 4 3r3 br

2 4 cos +

+ " (5 cos2 - 1) + ....... (IV.16)
4* 2 2

In formulas (IV.14)-(IV.16) the first terms of expansion also

characterise the field of magnetic dipole, conventionally placed in the

center of the conductive sphere and oriented along the line OX opposite to

the exciting field of transversal dipole. The moment of this dipole is half

LZ3
that of the radial and is + Dm( ) 4tb 3  (transverse dipole generates in the

center of the conductive sphere half the field density).

Equations (IV.11)-(IV.16) wero obtained on the assumption that the

sphere is a good conductor, the radius of the sphere is small as compared

to the wave length of the exciting field in confining medium (A >'), and

the source of the field (magnetic dipole) is at a distance from the sphere

which is less than the wave length in medium ( A b,A >r). With the

frequencies used in aerial electroprospecting and e resistivity of

enclosing medium upto hundreds and thousands of ohm/m, these conditions

are fully satisfied.
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If the direction of the magnetic dipole momont m of the field's

source coincides with plane ZOY, the azimuthal component of transverse dipole

H( ) converts into zero; hence, the transverse dipole, same as the radial,
2cq

will have only two constituents - H2r and E 2 9 )

The convergence of the series of given expansions is determinable

p2
by ratio br . The higher is the denominator, the quicker is the

convergence of the series.

Therefore, with the sphere considerably remote from the source of

the primary field and from the location point of the field detector

(observation point) the number of terms in each series could be reduced, for

instance, to one (the first). This is true, if the dimensions of the sphere

comprise two-three scores of meters, and the distance upto the point of

observation is over 50 m. This assumption is almost always fulfilled in

aerial electroprospecting by the method of the near zone. In this case, the

primary field may also be taken as uniform. With these assumptions formulas

(IV.11)-(IV.15) take the following form:

~ - 2 Dm 3 cos 9; ... (IV.17)
2r (p) 45b 3r3

() -- A sin ; ....(IV.18)2H Dm(P) 4sinb3r3

H2) p- Dm() - sin 9 ....(IV.l9)

219 )4 2r 3 r
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In the determination of the secondary field in the aerial induction

method from formulas (Iv.11l)-(IV.16) and (IV.17)-(IV.20) the divergence does

not exceed more than a few per cent.

If it is assumed that the primary magnetic field Hlo is uniform

and vertical (i.e. the fields lines of the force are parallel to axis OZ)

and the spherical conductor of the radius a lies in non-conductive medium

(see Fig.38), then formulas for the constituents of the resultant field at

the point of its reception are determined by the well known relations (185,

189, 251), obtainable from approximate formulas (IV.17)-(IV.18):

H =H ( 1 -~D ) cos 9; ....(IV.21)
r 0 47r 3

H - H - D ) sin ; ....(I.22)
8 3 " ""

H = 0. .... (IV.23)

The transition from spherical coordinates to the Cartesian for the

determination of vertical and horizontal components of the secondary and

resultant fields, usually perceived by field detectors in the setup of the aeril

induction method, does not present any difficulties ( see para 2, chapt.V).

For non-isometric bodies the estimate of secondary fields is

more difficult (77, 251). However, with certain allowances it may be

simplified. For example, if it is assumed that the cylindrical conductor

of radius and finite extent is situated in the non-conductive medium

(y = O) and is excited by the uniform field H1 = H O, the formulas for

the determination of components the resultant field at reception point will

be written as simple relations.



Let us place the origin of cylindrical coordinates on the axis of

the circular cylinder and direct axis OZ parallel to the moment of the

oscillating dipole, as shown in Fig.39. Let us assume also that the receptioh

point P with coordinates r and CP lies in plane ZOY. In this case the

field's components at point P will be written as (185, 251):

,72

Fig.39

r = H  ( + 1+T 2 ) cos(p; ... (IV.24)
r

H = f ( 1 - T 2 ) sin ; .... (IV.25)

I (v)T =2....(IV.27)

where 12(v) and Io(v) - Bessel's functions respectively of the whole (second)

and zero series from argument v =-/ jW/u .

For the horizontal and vertical components of the secondary field

we get the following terms
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H H' - H'
2z 2r -2 .... (28)

H = H" + 8"2y 2r 2 9P
I It

where H 2r sinq); H H cos 4;

H20p= H2 cos P; H2 = H2 sin

Hence

H2z = H2r sin- H2~ cosp; H2y = H2r cos cp+ H2 OP sin.g.

After substitution of H2r and H20 taken from formulas (IV.24) and

(IV.25), we get

H2 z = HT 62 sin 2 q; (IV. 29)
r
62

H2y = H T 2 cos 2 c. .(IV.30)

The components of the resulting field will be

H =HO = H +2z and H = Hh = H. + Hy
z w i2 2z y h iy 2y'

In the same way the analysis of the anomalous secondary fields in

patterns of aerial induction method for bodies of other shapes is carried

out (38, 75, 172).

3. Anomalous and normal fields in BDK method (infinitely long

cable method).

In the BDK method the field of the exciter source - long grounded

cable - in principle determines the normal field also. To take the latter

as a sum of source fields and as caused by the cover deposits of the earth

surface, as is done for the near zone methods (see para 1, chapt. IV), has

apparently no sense in the BDK method. Therefore, to describe the behavior

of the normal field in the BDK method it is possible to use relations,

given in work (68), or formulas (111.51), (111.52). Let us write them down

in a simplified form (42, 48, 75).
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In the cable zone, where x> , amplitudes of components

Hx, He and the corresponding phase angles OH x , OHz will be determined in

the Cartesian coordinates, on the basis of equations (11I.52), by the following

relations:

H = 1.13 1 " 10 - 4 , L'i;
x

S= o. 8  + 4z + 8z 2  , , /M; .... (V.31)
z 3 f f f

cp Hx = - arctg 1, paO;

CPH = arctg ( 1 + 0.5 f ). pOa.z

Thus, the field density of the long cable depends on the current

intensity I, its frequency f, resistivity of the earth(*) and distance

from the cable x.. The intensity of the field vs. altitude of survey z is

defined in the first approximation by the behavior of characteristics

H and WH .
z z

From equations (IV.31) it follows that the phase characteristic

Hx = Tin the iniddle zone of the cable field does not depend on field

parameters. But the phase characteristic CPH z depends on altitude, resisti-

vity of .the earth and frequency.

Therefore, with the removal from the cable the normal field of

horizontal component Hx dampens more slowly than the normal field of component

Hz; thus it is possible with a certain response of the measuring instruments

to withdraw to a considerable distance from the cable.

(*) Here bedides the resistance of the cable wire, the intermediate
resistance of the grounding electrodes is also taken into consideration.
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In the determination of parameters of the measuring instruments, it

is necessary to know the minimum densities othe fields'in various geological

conditions in a given frequency band and nominal (attainable in field

conditions) cable current. These parameters may be determined from formulas

(111.52) or from curves given in (69, 89, 216). One of these curves is

known in Fig.40, where the variation range of 0 is taken from 10 to 104 OM. M,

the operating frequency 1000 cps, and the nearest to cable zone (x, 2-5 km

depending on P ) is plotted from more exact formulas than (IV.31).

From Fig.40 it follows that with the increment of P within the

indicated limits, i.e. 103 times, the field H increases approximately 30-40

times in distance from cable zone. It is interesting to note that at a

distance of 10-20 km from the cable at I = 19 , f = 1000 pcs and p = 10 OM. M

the amplitude of Hx comprises only about 10
- 7 O/m.

Fig.41 shows the variation curves of horizontal components at

5 km length of the cable obtained by calculations (1) and experiments (2.3)

and showing application limits of formula (IV.31).

The normal field of the cable is characterised by the variation of
dH

its gradient d . It is well known that, on the operation profile, the

gradient varies on an average from 10- 2 a/m 2 near the cable to 10- 5 a/m 2 far

from it (89). This causes some difficulties in devising measuring

instruments, specially these withan ogue recording of parameters (89, 103).

Due to the restricted quick-action of aralogue recorders it is very difficult to

ensure (even at the minimum speed of the flight) the normal amplitude

recording of the cable field in the near zone, where its gradient is

comparatively high. The same is evident during the component and phase

measuring * Therefore, in aerial electric prospecting by the BDK method

(*) Phase gradient comprises on an average 50-90 degr/km close to the cable,
gradially reducing to several degrees per 1 km in distance from the cable zone.
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there is an existence of the so called "non-operative" zone not over

1 km in width at both sides of the cable.

0

, 00£410 I=fa;z=0
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0,0 Of 10 X,KM

Fig.40

The normal and anomalous fields of the cable generally depend on

frequency in a very complex manner. The same regular behavior of normal

fields above a uniform lower half-space is that with the increment of

frequency the zone of comparatively high gradients of the magnetic field

parameters becomes gradually narrower on approaching the cable. In the

middle zone, where formulas (IV.31) held true, the component Hx decreases

() The "non-operative" zone may be excluded in the use of instruments with
digital quick-acting registers.
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decreases with the rising frequency in inverse proportion to Af, In the

same zone with a uniform lower half-space phase responseepH x is independent

of frequency.

Thus, according to the regularities pointed out, the sensitivity of

measuring devices to the magnetic field in the BDK method should vary due to

considerable and irregular variation of the normal field density with

increasing distance from the cable. Moreover, with the rise of the operating

frequencies, the sensitivity of devices should increase.

=45

0, O,1

0.001 \ I IKM

Fig.41

With the varying excitation frequency of the primary field, the

anomalous fields are characterised by even more complex relationships than



-124-

the normal ones. Anomaly component, amplitudes and phases have diverse

relationships due to their dissimilar frequency response. Given below, as

an example are the anomalies of amplitude Hx and phaseqp x vs. frequency f,

obtained in the actual survey conditions (216):

Frequency, cps..... 244 488 976 1952

Amplitude anomaly, %.. 55 28 24 31

Phase anomaly, degr...... 25.2 18.6 13.2 13

According to these data, side by side with the usual decrement of

anomaly with the rise of frequency within the 244-976 cps band, there is

evidence of its amplitude increment on frequency 1952 cps. Because of

this optimum, frequencies have to be selected for each geological area in order

to obtain high effectivity of aerial electric prospecting by the BDK method.

Hence in the development of devices, provision should be made for multi-

frequency principle of field investigations (89, 108,216, 251).

The altitude of survey is also of importance in the BDK method.

However, its effect on survey results is considerably less than in the near

zone method. The comparatively low relation of anomaly to altitude is

explained by the fact that the cable field in zone x V- is actually

a plane wave front (38).

Experience shows that, in prospecting by the BDK method the

anomalies are very well defined upto 100 m altitude, gradually damping at

an altitude of 300 m and above.

The normal cable field Hx at altitude range 50-300 m, retains its

value for a whole number of geological areas with an error of less than 10o.

With increasing altitude of survey the width of the anomaly of field

parameters increases. Therefore, in the actual conditions, the altitude
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of flight rarely exceeds 150 m (216, 218). As an example, showing variation

of amplitude-phase response of the field vs. altitude, Table 2 gives the

data of amplitude anomaly above a sulphide deposit (216).

TABLE 2

Earth-sruface f r e q u e n c y, cps
field detec- 244 976
tor distance Amplitude Width of anomaly Amplitude Width of

m anomaly % m anomaly,% anomaly m

35 57 230 64 300

100 21 270 33 310

200 16 350 24 400

300 11 380 11 480

4. Results of Survey by Induction Method.

Operations in Maidan-Vila area (Khmelnitsky region) with
AERIS apparatus.

The first experimental method-testing operations with the AERIS

apparatus for aerial electric prospecting by the induction method were

conducted in May-June, 1959. The exploratory possibilities of the aerial

induction method were checked in Maidan-Villa area on the section of

graphitized-gneiss deposits. This section is situated on the north-western

edge of the Ukrainian crystalline massif, where the crystalline basement

rocks in the form of granite ( p = 500-1000 ohm/m), pitching westward, are

over lain by sedimentary formations of Paleozoic, Mesozoic and Cenozoic

ages. Deposits of graphitized gneiss, containing 2-4% of graphite, have low

resistivity (ohm units/m) and occur in the section in the form of several

layers 5-40 m in thickness with steep dipping. The main band of graphitized

gneiss was 1000-1500 m in width and 20 km in length. Sedimentary deposits,

shown by sandy-argiillaceous formations with average j3 30-50 ohm/m, have

thickness in the operation area from 10 to 40 m (216). In spite of the
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presence of graphitized gneiss with high conductivity as disturbing objects,

shielding the lower bedrocks, hinder effective application in this section

of the aerial induction method. However, due to the near base, where the

apparatus for this method is being developed, this area was nevertheless

selected for the initial experiments and method-testing.

The flights of plane with the AERIS apparatus were carried out along

previously chosen profiles with marked prominent features. In flying past

these, the operators on a signal from the navigator marked them on tapes of

registers. To obtain authentic data, the flights were conducted in calm

weather early in the morning, when the bumping of the gondola was practically

imperceptible. The .altitude of flight was usually 150 m and was maintained

by radio altimeter. Measurements along the profile were executed during

straight and reverse flying.

The testing of the exploratory effectivity of the method was divided

into two stages: the first provided for testing on one frequency, the second

simultaneously on two.

In the single-frequency survey, the measuring was of the modulus,

phase and reactive signal component at each operating frequency of devices.

The measuring was executed both with the application of electric compensation

of the primary field signal and without it. To check the operation stability

of the apparatus and the correctness of the applied measuring technique, all

recording was doubly repeated. Serving as control was the reproducibility

of results with the same conditions of flight (samespeed, altitude, intensity

of oscillating frame, etc.).

During the field work it was found that the recorded curves of

modulus, phase and reactive component of the signal showed also the zone of
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graphitised gneiss and surface irregularities. The results of the second

measuring in single-frequency survey showed little divergence from the first

(see Fig.183). It was also found that the sensitivity of the method increase

with three - and four-fold electric compensation of the primary field signal.

Moreover, it was determined that the graphitized gneiss are more clearly marked

on frequencies of devices 244, 488 and 976 cps. On frequencies 7812 and 3906

cps the fixing is of surface irregularities (changing topography, peat, bogs,

etc.). Thus the verification was obtained of the differentiation in frequen-

cies of anomalies from conducting objects of the type of graphitized gneiss

and surface irregularities,

Method-testing and production operations with the AERIS apparatus,

were carried out in Kazkhstan and Southern Urals in June-September, 1959

from the base of Jezkazgansky geophysical party of Kazgeofiztrest.

The aim of experimenting, method and production testing was to

check the possible application of the aerial induction method for explaration

of ore deposits and geophysical mapping.

The section of Jezkazgansky ore area, allotted for experiments,

was broken up into profiles, situated parallel to each outer at 1-2 km

distance. The aerial geophysical survey wan dondudted in the following

order: first in sections, investigated by the ground geophysical survey and

the geological structure of the top layers of earth crust has been established;

then in places of the given area, where the ground explorations have not so far

been conducted or not on a full scale. The aerial geophysical survey by the

induction method aimed at confirming the presence of known boundaries of

the anomalous zones and to extend these boundaries.
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The signals of the secondary field were measured by modulus, phase

and reactive component. All the measurements were carried out with and

without compensation of the primary field. The extent of compensation, as

a rule, did not exceed 8-10 times. As an example, Fig.42 shows modulus

recording curves of two adjacent profiles with different geological section

( f = 488 cps, h = 150 m).

Fig.4

In order to obtain the best results, the survey was condin ted

during morning hours. The duration of the survey was on an average 3-3.5

hrs. The length of the profile usually did not exceed 50-60 km. The

geological results of the survey were found to be quite satisfactory.

During the method-testing operations in the Southern Ural area, the

selection was of copper pyrite deposit in an area of comparatively smooth

relief. The ore bodies, which here have the shape of lenticular or sheet-

like deposits of steep dipping, are confined to the brachianticlinal fold,

defined on the surface as a low ridge, composed of secondary quartzites.
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According to the data of ground investigations, the resistivity

of the massive ore is very low, less than i ohm/m, and of impregnation ore -

comparatively high, from 20-30 to 200-300 ohm/m. The resistivity of the

surrounding rocks, depending on their composition and extent of metamorphisa-

tion, varies from 300 to 2000 ohm/m. Loose deposits have resistivity of a few

scores of ohm per m.

The flightconditions were the same as in the Jezkazgansky area.

Fig.43 shows the survey results on one of the profiles ( a - modulus

recording, b - phase recording altitude of flight 150 m).

79f2z&4 130MO

7812,

3906 100

353

976

130

frequencies comprise respectively 12; 24; 17; 16; and 1130 of the normal

field. The highest amplitude anomaly is evident on frequency 976 cps, andfield. The highest amplitude anomaly is evident on frequency 976 cps, and



in phase - on frequency 488 cps. It may be assumed that in this case the

source of the first anomaly (middle of curve) is not the ore deposit itself

(total shading), but to a considerable extent the supra ore zone (triangles)

of oxidized ore and weathering crust material confining effusions. The second

anomaly ( on the right side of the chart ) is formed by steeply-dipping

layers of tuff of mixed composition and major thickness with parameters

similar to those of the ore body. On higher frequencies, the shielding

effect of detrital depositsis felt and the anomalies dampen.

Thus, it is possible to state that aerial electric prospecting by

the induction method can give positive results in the search for sulphide ore

deposits. However, it is impossible to determine the cause of anomaly

appearance by aerial electric prospecting alone. It would be necessary

to carry out multi-frequency electric prospecting on the ground, as well as

investigations by other methods of geophysical exploration (magnetic

prospecting, gravity survey, etc.).

Operations in the Area of Maidan-Vill&Station with Devices ARI-2.

The first tests of the AERI-2 devices were carried out in

November-December, 1961. The geological environment of the area is charac-

terised by the section shown in Fig.44-b (1-Neogene, 2-Gneiss, 3-Granite,

4-graphitized gneiss). The resistivity of detrital deposits is upto

100 ohm/m, of graphitized gneiss - 1-10 ohm/m. On frequency 243 cps

(Fig.44-a), in the survey with three-fold compensation of the primary

field signal, clear results were obtained of anomalous zones on phase and

reactive component curves. The zone of graphitized gneiss is marked

on the diagrammatic tape by phase anomaly (P) of about 10" and reactive

component .(Up) of 30 mkw. Neogene deposits are marked by anomalous variations

of phase within 1 5-2 59, and of reactive component - 20-25 mkw. In the
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survey without compensation on frequency 1949 ops, high values are evident

above the Neogene deposits of measurable parameters (Fig.44-b).

10 
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Fig.44

Fig.45 shows the recording of modulus Ue, phase '4 and reactive

component U with simultaneous double-frequency survey on frequencies 487 cps

(continuous line Ir = 11 X) and 1949 cps (dotted line, Ir = 9 a) with two-fold

compensation of the primary field signal ( h = 200 m, v 250 km/hr in

relatively calm weather). According to the data shown, the anomalous

variations of the field are more defined on frequency 487 cps than on

1949 cps. In the area of landmark "Traverse Maidan-Villa", the recording

of all parameters shows anomaly, connected with the presence of a section

of conductive graphitized gneiss.
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Configuration of the curves, in repeated flights along the route,

practically coincides. Fig.46 shows curves of repeated recordings on one

route at frequency 487 cps (Ir = 10 ) with three-fold compensation, which

indicates satisfactory covergence of results, in particular of phase and

reactive component, even with poor meteorological conditions.
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Fig.45

Experimental Operations on Pyrite-Pyrrhotite deposit of Karelia (34)

The geological environment of the indicated deposit is conducive

to the application of electric prospecting methods; the ore zone is composed

of highly conductive shales (graphitized and chlorite-aktinilitic), in

which lenses of sulphuric pyrite, with resistivity of a few tenths of ohm/m

and thickness 20-30 m occur. The surrounding crystalline rocks have

resistivity of 1000 ohm/m. The thickness of detrital deposits in the area

does not exceed 5-10 m, and the resistivity of the detritus comprises aboutdoes not exceed 5-10 m, and the resistivity of the detritus comprises about
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200 ohm/m. The results of measuring in the section (frequency 487 cps

with two-three-fold compensation) are shown by curves in Fig.47 (1-surrounding

rocks, 2- ore zone). The survey route shown in Fig.47-a, is laid along

the extent of the ore zone several km in length. Above the ore zone is an

anomaly upto 100 mkw in amplitude (Ures.) with general level of interference

30-40 mkw. The phase variations are upto 7-10O the peaks of this variation

are displaced in relation to the amplitude peaks on the modulus curve.

The survey route, shown in Fig.47-b, runs accross the strike of the ore

zoneo but even in this case it is marked by amplitude (upto 50-70 mkw).
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U ,mkV
re s T.... hre ta

S250 -

2600 - 200

A, degiees
- V V V V V V V V V

-5

2 1I F2 ig

Fig.47



-134-

Method-testing in Kol' sky Peninsula (1962). The geoelectrical

environment in sections of this area favors aerial electric prospecting.

The overburden has resistivity 100-200 ohm/m, and the thickness is not

over 10-20 m. The resistivity of bedrock is several thousands ohm/meters

and even higher. The graphitized and chloritized shales and sulphidized rocks

have resistivity about 10-30 ohm/m.

, Key to Figure 48:
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Fig.48 shows result curves of the geophysical survey on two fre-

quencies (fl = 578 cps and f2 = 1949 cps), implemented by the geophysical

party of the Western geophysical bombine (33) with the AERI-2 devices (with

compensation), and the geological section of the investigation area

(1 - binary mica-schist; 2 - shaly amphib0lite; 3 - dolomitized limestones;

4 - undisturbed covers; 5 - basis and volcanic plastic rocks; 6 - basic

effusives; 7 - assumed faults): H zpr., H2zpr - vrtical component of
2zpr.-vrtalcmoetf
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primary field on frequencies fl and f2 respectively; He - equivalent
2 z comp

intensity of the magnetic field, corresponding to compensating voltage

input into compensating circuit; Hz - geometrical difference between the

resultant field and the field equivahent to compensating voltage, H z=

kohmm' where Hz - vertical component of the resulting field without

compensation.

According to these curves, the anomalous zones are defined most

clearly on phase ((PHz), a little less so from the reactive component and

negligibly in modulus. Moreover, in contrast to the modulus and reactive

component the phase parameter depends less on the altitude of flight - the

phase is well marked at the altitude of survey 150 and 200 m.

Anplysing the results of the survey in other sections of this area,

it is easy to see that, on frequency 243 cps, the anomalous variations are

marked only on phase and reactive component curves. On modulus curves,

on higher frequencies (487 and 1949 cps), the fixed anomalies are connected

with low resistivity rocks and have amplitudes 50-70 mkw. On the phase and

reactive component curves, on frequencies 487 cps and higher, a great number

of anomalies are defined, a portion of vhich conforms quite well with

decreased values Pk with symmetric profiling and low-ohmic rocks. The

anomalies of surface objects are the most clearly defined on the phase

curve on frequency 3898 cps.

Thus the conclusion which may be drawn is that the aerial induction

method makes it possible to separate within high-ohmic bedrock conductive

beds with Cp = 1-10 ohm.m, i.e., sections with the possible presence of

sulphide mineralization, and position mapping of graphitized gneiss, shales

and other low-ohmic intrusions.
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Field Operations with Apparature of VMP Devised by VITR (234). Metho

testing and production operations with these devices were conducted in a

number of the country's areas. For instance, in Turkmenia, the operations

were conducted to clarify the possibility of finding fresh water lens. The

instruments were set up on planes LI-2 (operating frequencies 1225 cps and

2450 cps, spread of planes 300-320 m, altitude of survey 150-180 m). The

general survey results were positive - anomaly on frequency 1225 cps comprised

3-4% of the primary field with interference upto 1%, on frequency 2450 cps

- 6-7% with interference not over 2 ,

Field work with V11P devices was carried out also in Karelia. The

object of the investigation were the zones of graphitized shales with pyrite-

pyrrhotite mineralization. Anomalous sections in the survey area were

clearly defined; they were several times the level of interference.

Good results were obtained in Karelia also with instruments set

up on planes AN-2. Although the change in the type of plane caused a rise

in the level of interference, the reduced altitude of the survey compensated

for this rise. The results were checked by repeated flights along the

same profiles. They were satisfactory with low anomalies and quite good

with high (about 40-50% in amplitude and 30-400 in phase). It was noted

that the intensity of anomalies increased with the run of profiles not

perpendicular to the trend of the major geological structures, but at an

angle of about 450.

Field 0perations by Induction Method in Other Countries:

N.P. Peterson in his work (66) throws some light on the results of

theoretical, modelling and field (production) work, carried out by the

aerial induction method with devices constructed in 1947-1953 in Finland

and tested in 1954 in Canada by "Hanting". The apparatus is set up on a
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twin-engine plane, the field detector - in outboard gondola. Operating

frequencies comprise 400 and 2300 cps. The recording is of phase variation

of the resultant field signal in relation to supporting voltage, taken off

the oscillating frame. Normal altitude of flight 140-150 m with the length

of wire-cable 130 m.
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In Canada more than 5,00,000 km has been profiled by means of these

devices. With only one set, 50 million tons of commercial ore has been

found at the cost of survey 5 cents per ton of ore.

Fig.49 shows curves of phase angle step-out ( P abofe the clayotter

deposit in New-Brunswick at different flight altitude ( 145, 130 and 110 m).

The deposit is composed of massive sulphide ores (75% sulphide and 25% quartz),

vertical thickness of which is 24 m. On profile 30, the magnitude of anomaly,

reduced to altitude 120 m, comprises, with thickness of surface layer 8 m,

2.60. On profile 46 and 49 the results obtained were similar ( the anomalous

body dips in the direction of the plane's flight).
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The material of aerial survey is usually checked by aerial

geophysical methods before it is finally processed by ground methods.

For instance, the survey was conducted in an area of 440 sq.km and

approximately one anomaly was defined per 1 sq.km. Interpretation of

details decreased the number of possible anomalies to 250. Then these

anomalies were classified according to aeromagnetic data with the object

of sulphide ore exploration. 120 anomalies were investigated by ground

methods, out of which 87 were interpreted as metal conductors, which was

confirmed in 80% of cases. The gravity survey separated 22 of the most

promising anomalies; all wells intersected metal conductors and in 20 of

them compact sulphide ores were found.

The work (211) gives the results of aerial electric prospedting

(coverage 10 thousand km of profiling) with the V1MIP apparatus in Sweden,

obtained in 1956 by ABEi firm. The ore anomalies are upto 6-8% in amplitude

and 30 in phase (resistivity of overburden comprises not les than 100 ohm.m).

5. Results of Survey by BDK Method:

Experimental, method-testing and production operations with

devices of aerial electroprospecting by the BDK method have begun since

1957 in various geological areas of the Soviet Union: Ukraine, Urals,

Kol'sky ?eninsula, Khazakhstan, etc.. Considerable work is being done by

geophysical combines Western (Leningrad) Khazakh (Alma Ata) and Novosibirsky

(Novosibirsk). Information is available about similar operations in Sweden,

Canada, USA, etc..

Flights with instruments of the mobile group are implemented along

previously selected profiles with notable landmarks. The recommended scale

of survey 1:25000 - 1:100,000# Measuring on operating topoma is usually

carried out on two frequencies. The operating frequencies are determined,
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as a rule, during experimental flights above the investigation area. The

altitude of the magnetic field detector is maintained within 35-100 m.

The apparatus devised in USSR is set up on helicopter; the

instruments permit to measure and record amplitude, phase and component of

e.m.f., induced in the field detector of horizontal component in the magnetic

field of cable H . The indicated parameters in the alogue form are recorded

most frequently in pairs by two independent recorders ( in the VITR

construction the use is made of one diagram tape for two individual recording

circuits).

Operations carried out in the Ukraine, particularly in the Miaidan-

Villa section of graphitised gneiss ( see chapt.IV), have shown good

possibilities of aerial electroprospecting by the BDK method. Fig.50 shows

curves of measuring phase PHx on four operating profiles. Zones with different

resistivities Pk are marked by considerable phasd anomalies; the

amplitude anomalies in phase are upto 300.

By means of aerial electroprospecting it was possible to

differentiate zones of graphitized gneiss (Pk(lO ohm.m), plotted in Fig.50

from the data of ground electric prospecting. The qOH x curves are clearly

divided into two parts, characterised by two troughs, between which is a

minor local peak. Similar operations have shown that in geological conditions

with even highly conductive overburden, shielding the bottom bedrock, aerial

electric prospecting by the BDK method gives better results than the

induction method.

(*) Zones k were separated from material of V.I. Klushin (216).
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Key to Figure 50:
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A sufficiently full concept of the possibilities of aerial electro-

prospecting by the BDK methodcan be obtained from works (213, 215-218, 242,

243).

An example of the method's application may serve survey, conducted

by aerial electroprospecting party ZGT with participation of the VITR

associates on Kol'sky peninsula with the object of ore bodies exploration

(190). The joint operations of these organisation with the apparatus AERA-58

were begun in 1959 in an area of largely undulating landscape with vast bogy

depressions and abundance of small and large lakes of the Kol'sky peninsula.

The object of the survey was to determine the geological effecti-

vity of the BDK method in exploration of the copper-nickel sulphidised ore,
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development of methods for aerial electroprospecting and investigation of the

section promising in respect of the above ore. Moreover, the BDK method

was compared with one of the ground methods of electr6prospecting, e.g.

shooting method.

The deposit, where the method

and apparatus was checked, is shown in
I Charge method

Fig.51, by ore body, confined to the DK method

intrusion of metaperidotites.. The Ore deposit

surrounding rocks - alternating biotite PHc. 51.

and amphibe-biotite gneiss and amphibo- Fig.51.

lites. Thickness of body at the top 12-15 m; with depth the body gradually

pinches out, its depth down dip is upto 90 m. The deposit itself is overlaid

by Quarternary deposits - glacial moraine - with thickness 10-20 m.

The resistivity of the Quarternary deposits varies from 100 to

1000 ohm.m, of the surrounding rocks - from 1000 to 5000 ohm.m, sometimes

upto 10,000 ohm.m; resistivity of the ore body - from 0.1 to 1 ohm.m.

The survey was conducted with laying down of cable with 1 =10.5 kmcab.

of single wire PSM. Current power in cable Icab. on frequency f = 976 cps

comprised 3.6 , on frequency 244 cps - 3.2 . The cable was laid out

parallel to the strike-of the ore body at a distance of 3 km. The laying of

cable 10.5 km and the rigging up of the ground oscillating group in conditions

of arctic winter has taken two and a half days.

Used for survey was the helicopter MI-4 type, the speed of which

on parallel profiles was upto 80 km/hr (one of the profiles passed ove the

center of the ore body ). The operating length of the profile both sides of
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the cable was 15 km. Satisfactory results were obtained with a gusty side

wind with velocity 6 m/sec with the placing of the AERA-58 devices on the

tail beam of the helicopter.

No other aerial geophysical method is applied in these conditions.

This indicates high possibilities of aerial electroprospecting by the BDK

method.

Fig.52 shows Hx curves, taken at f - 976 cps (Icab.= 3 , 1cab.

= 10.5 km, v = 80 km/hr) at altitude of gondola h = 35; 100; 200 and 300 m.

On this profile, the ore body was at a distance 3.2 km from the

cable. The peak anomaly of phase is evident at the minimum altitude of

gondola - 35 m (the bottom curve). The phase anomaly is well traceable

even at altitudes of over 100 m the width of phase anomaly comprises 300 m.

The increment of flight altitude to 300 m sharply reduces the effect of

non-uniformities in the overburden layer. Therefore measuring at this

altitude permits to obtain by the BDK method characteristics of the normal

cable field free of the effect of non-uniformities.

Curves Re Uc of Hx field, taken at f = 244 cps (constant of

field detector Cd = 3.75 -m , Icab. = 3 , 1cab. = 10.5 km) at altitude

300; 200; 100 and 35 m with the speed of helicopter 60 km/hr, are shown in

Fig.53. The position of the ore body corresponds to that analysed in the

foregoing. As shown by the given curves, normal fields in altitude

interval 35-300 m persist with accuracy upto 10o. The peak of the active

component anomaly in amplitude is at low altitude (35 m) and is practically

untraceable on an altitude of 300 m. The width of the anomaly increases

with the increment of altitude. The increasing altitude of gondola flight

also reduces the effect of non-uniformities.
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The results of recording of Uc parameters on the central profile

were confirmed with repeated flights, as well as by the aerial survey in the

section of deposit.
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Fig.54 shows curves Re U ( f= 976 cps, Cd = 15 - ; h = 35 m,

1cab = 10.5 km, Icab.= 3 , v = 80 km/hr), obtained on various profiles,

run in the immediate vicinity of the ore body. According tothese curves,

the ore body is outlined by clearly defined anomalies on profiles 0, IV,

VIII, XII, XVI. The maximum width of the anomaly is evident on the central

profiles. On end profiles, the anomaly decreases in magnitude and narrows

down in width.

On the grounds of implemented experimental and productive

operations, a conclusion was drawn regarding the possibilities of aerial

electroprospecting by the BDK method in the search for sulphide deposits of

Kol'sky peninsula. Some of the anomalies defined during the productive

survey were checked by ground electric prospecting. Drilling has been

conducted in areas of more promising anomalies and has confirmed their

connection with mineralization (190).

It has been established that, by means of the BDK method, it is

possible to define with assurance highly conductive zones of considerable
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dimensions (faults and graphitization zones), highly conductive ore bodies,

as well as to carry out geological mapping, etc. Aerial electroprospecting

by the BDK method makes it possible to cover quickly considerableterritory

to define and trace tectonic faults. The gravity and aeromagnetic survey

data are used with this method as auxiliary.

Thus, the results of operations carried out in the Soviet Union

have shown that the BDK method has proved itself to be one of the most

effective and major methods of aerial electroprospecting.
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CHAPTER - V

QUANTITIES MEASURABLE BY AERIAL
ELECTRIC PROSPECTING.

1. Quantities Measurable by Aerial Method of the Near Zone:

The direct carrier of information regarding the magnetic field of

the near zone is the e.m.f., induced in the detector by the resultant

magnetic field. The latter may be taken conventionally as the sum of the

primary and secondary fields, Naturally, the most useful signals, which in

aerial electroprospecting characterise the investigation object

(geoelectric irregularity), are the e.m.f. components, generated only by

the secondary field. Other components are of relatively small interest.

The ways for defining electric parameters, closely connected with

the e.m.f. components, which are mainly dependent on the anomalies sought,

present a no less important problem than the choice of the pattern's

geometry of frequency band of one or the other aerial method.

Let us take parameters, which are measured and recorded by devices

of the near zone method.

1. The amplitude of one of the dimensional eomponents of intensity

of the primary and anomalous magnetic fields, determinable from the active

modulus of the non-compensated part of e.m.f., induced in the field

detector by these fields and amplified in the measuring unit of the

apparatus.

2. One of the quadrature components of the non-compensated part of

e.m.f., which, in relation to supporting voltage, is in phase (active

component) or in quadrature (reactive component). In this case the

phase of the supporting voltage may be closely connected with the current

phase, e.g., in the generator frame.
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3. Vittual value of the difference in e.m.f., induced in two receiving

coils, or of the difference between e.m.f., in one of the coils and

some auxiliary, compensating voltage, connected with e.m.f., of the

second coil or with the current in the oscillating frame.

4. Phase shifts of e.m.f., or the differences of e.m.f. in respect of

the key signal ( or the current in the generating frame ).

5. The ratio of virtual values of e.m.f., induced in two receiving coils.

Moreover, in the two-frequency survey, donducted for the separation

of anomalies caused by bedrocks from anomalies, connected with surface

overburden and topography, the measurable quantity could be the difference

of two quadrature components in signals of two essentially different

frequencies.

The listed parameters contain a certain amount of information

regarding the geoelectrical conditions in the area of survey. Therefore,

it would seem that the choice of one o± the other parameter is of no signi-

ficance. But actually the usefulness of any one of these quantities for

the near zone methods is determined mainly by its shielding from the

technical interference caused by the primary field. In the use of

aerial methods it is necessary to know how much the useful signal differs

from e.m.f., induced exclusively by the primary field or its variation

during the flight caused by the instability of the circuit source-field

detector. For instance, the first parameter is more exposed to the

influence of this mechanical interference than the second (reactive component)

(132). However, not all the measurable parameters are equally dependent

on the altitude of flight, e.g., the first and second parameters depend

on altitude variation to a greater extent than the fourth, and so on.
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In the selection of measurable parameter it is necessary to estimate

the initial geometry of the system and its possible application during the

survey ( see Chapter IX), the adopted method of electric compensation (see

Chapter XI), and the topography of the areas where it is prepared to conduct

aerial electric prospecting, as well as the bedding of the objects sought

within the enclosing rocks.

The construction of some of the devices provides for the measuring

of many parameters of e.m.f., of one or two field detectors (166, 263).

However, devices of this type are bulky, less mobile and are meant mainly

for survey review of the chosen area. A detailed survey is carried out by

means of a more mobile set up and more exact measuring instruments, which,

as a rule, provide for the recording of one-two parameters of the unbalance

signal. (166, 263).

The apparatus of the aerial induction method, with rotating magnetic

field and elliptically polarized field, measures the amplitude (modulus)

and phase of unbalanced signal A U or its active and reactive components.

Besides, it is possible to compare signals U and U by measuring thex z

deviation from normal of the amplitudeb congruence (signal ratio measuring)

and of phase shift 900 from normal. Also amplitude parameter A, which is

a difference between the modulus ratio of measurable signals and the mean

level of primary field (234), i.e.

where

UO=T + + Z



-149-

fhen using aerial electric prospecting with elliptically polarized

magnetic field (EPP), it would be expedient to measure the following

quantities (153, 186): invariants of the polarization ellipse itself

(major and minor semiaxes) from the signals; proportional to them;

parameters characterising the orientation of polarization ellipse in space

(for instance, the angle of major semiaxis) one of the time factors of
of

the field ( for instance, phase shiftLfield's intensity towards the

major semiaxis relative to current in the field exciter).

In the set up with EPP it would be expedient, as in other patterns

of the induction aeromethod, to apply simultaneous measuring on two frequencies,

for unambiguous determination of the nature of conductive object.

Thus, in the near zone method the measurable could be various

parameters of signals, induced in the magnetic field detectors.

2. REGARDING EFFECTIVITY OF MEASURING SIGNAL PHASE OF SECONDARY FIELD:

It is well known that in many geophysical investigations, carried

out by electric prospecting, it is most important to know phase shift of

the measurable signal in respect of another, the phase of which is

conventionally taken as the starting point of reading. In contrast to

amplitude measuring, when similar intensity anomalies may be caused by good

but too deep-seated conductors or shallow-bedded but poor conductors, phase

measuring provides information, from which in simple geological conditions

it is possible to divide the defined anomies into ore and rock product

type (185, 251).

With the availability of preliminary data (e.g., obtained in ground

conditions) regarding conductivityyof ore bodies or other conductive
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objects in the area of survey and, also, with the availability of the enclosing

medium characteristics, it is possible to determine in the first

approximation the dimensions of this body or object.

However, realisation of the hookup of instruments ( for instance,

in the induction method) to measure phase angles of the secondary field

signal U2 in relation to phase of the primary field signal U1 or to

supporting voltage Us, coinciding in phase with signal Ul, is rather

difficult because of the accuracy required in measuring phase shift.

This accuracy is stipulated by the choice of the pattern's geometry,

electrical compensation of the primary field signal, peak operating

frequency etc. In this connection, the question arises whether it is

appropriate to measure phases of the secondary field in the near zone

method at all.

In order to estimate the effectivity of measuring phases of the

secondary field signal it is necessary to analyse the behavior of the

amplitude and phase characteristics of the secondary field, formed by the

presence in the primary field of conductive body. With this aim analysis

of the secondary magnetic field, caused by the presence of conductive

body in harmonic field of vertical magnetic dipole, should be conducted,

as well as to show how the initial phase of the secondary field P sec

depends on frequency f of the primary dimensions of conductive body

and its conductivity Y. The analysis will bq6f the simplest case of

conductive body in the shape of a sphere, since for a body of this type

of isometric form it is most easy to implement excitation by a uniform primary

field (133, 185, 250).

Let us place the origin of spherical coordinates in the centre of

a sphere with radius Q (Fig.55). The line OZ is directed parallel to
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moment m of dipole. The dipole we place at point A, lying on plane YOZ;

and we assume that the medium surrounding the sphere is homogeneous and

non-conductive. Coordinates of the arbitrary point P, at which the

secondary field is being determined, will be ) @2 and (. Distance

from the center of sphere to the center of dipole is b, distance from the

center of dipole to recording point is R, and the angle between the line

OZ and direction to dipole is 1 .

M R I
2r

L 2 _

_ I

Fig. 55.

The magnetic dipole with vertical magnetic moment m may be shown

as two dipoles - tangential, with moment mo , directed perpendicularly to

line OA, and radial, with moment mr, directed along this line. Each of

the dipoles generates at the recording point P its own components of the

secondary field - radial (Hr, HP ) and tangential(H2r r ) (38, 63, 261).
2r' 29 2r' 29

The complex coefficient D is a function, determinable at, 1 =u 2 
)

by relationship U98, 251),
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3vI (v) +( 3 + 2 )1 () (V)

v , (v)

where I-T (v), I- (v) - Bessel's functions of half-integral order from the

complex argument (36); v = \Ij l /l ac 2 . Having denoted Yu 6)by p, we

obtain v = jf 2. For an ideal conductive sphere D = , D = 1.

Since the reception and measuring instruments in the neighboring

zone method usually pick up either the vertical or horizontal component

of the anomalous field, it is necessary to change over from radial and

tangential field components of the vertical dipole in question to vertical

and horizontal components of the secondary field. The calculated relatiohs

we write in their complex form.

The moment of tangential dipole

ig = m sin 9 . (V.2)

The amount of radial dipole

r = m cos 9 * (V.2a).

The radial and tangential components of the secondary field at the

recording point are equivalent to the sum of field components in tangential

and radial dipoles:

r= 1 T + HP  H HT + H (V.3)
2r 2r 2r; 29 29 29

In a majority of cases in aerial electric prospecting the radius

of sphere CO. is invariably lower than b and r, and the conductive deposits

create an additional error; therefore, for the secondary field components

the terms could be written, with allowance for a negligible error, as
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.3
H2r = - D  (sin 9 sit + 2 cos G1 ps 9 );42r Tbr 3  

1

3 (V.4)
H29 = mz D 4 b3r 3  ( sin 91 cos O - cos 1 sin 9).

As shown in (63), the error in the determintion of amplitude of

the secondary field from formulas (V.4) in aerial electric prospecting

does not exceed a few percents. This error in magnitude is known to be

less than the error caused by the presence of the conductive surface

deposits; therefore, it may be ignored.

In a particular case, when dipole mz is located on line OZ at point

A', i.e., at 91 = 0 and b' = b ( above the epicenter of ore body), we

have:

203H =-mD cos ;
4 3 b i 3

P.3
H29 = - mD 49b3r3 sin 92. (V.5)

For this case in spherical coordinates the primary field of dipole

m. at recording point P is determined as :

2m m

Hlr 4zR3 cs ; 1 z- 3  sina (V.6)

where R1= (b
2 + r - 2 br cos 92 2

According to Fig.55-b, we find the terms for components H2z and H2y

at point P:

2z = H2r - H 2; H2y - H2r + H 2 (V.7)

where:

H2r = Hr cos ; H2 = H2 sin ;
2r 2r 2r 2 2 =

H2r 2r sin H ; 20 29 Cos ; p 2-
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Hence,

H2 = H2r cos - H2  sin ; H2  H2r sin + H cos (V.8)
2z 2r 29 2y 2r 29

Having substituted H and H 2 from equation (V.5) into formula (V.8) and

taken into account, that

sin2 Q2 - 2 cos 2  2 = - ( 1 + 3 cos 292)'

after insignificant conversions we get

H2z = -i 2 D 
3 3  ( 1 + 3 cos 292); (v.9)

87[b r

3 3
H2y = - Dr 3  sin 2 2. (Y.10)

The sum of components of the primary and secondary fields at point

P determines the magnetic field actually existing at the moment with

components H and H :
zr yr

H H = +H H; H = = H +pHp1=
S= Hlz + H2z;  yp H ly + 2y (V.11)

pe3 pe3

The magnitude of components of the primary field, according to agreement,

is determinable by relationships ( III.15a).

From the terms (V.9) and V.10) it follows that characteristic phase

of the secondary field is determined by the parameters of complex coefficient

D, calculable from formula (V.1). To obtain this characteristic, coefficient

D should be shown in terms of real and imaginary parts:

D = R D + j ImD.
e

As shown in (1333, in the regionI I ;> the complex coefficient D

could be given in the following terms:
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D = + 1 = 2 x 2 - xA-B x (AB)- (V.12)
- 2 2x2 2x2

where

sh x ch x sin x cos x
A= * B=

2 2  ' 2 2
sh x + sin x sh x + sin x

(v.13)
2x2 - 1x(A-B) 3x(A+B) - 5Re= ; ImD =

2x 2  2x 2

x = 2 -  (V. 14)

Therefore,

ImD 3x(A-B) - 3 (V.15)
c = arct ReD arctg 2x2 _ 3x(A-B).

In this case the terms for the components of the secondary field

will be written as:

2 =z D\ b 1 + 3 cos 292) e c; (Y.16)

2y = &m sin 29 2 ej 4c. (V.16a)
87b r

It is difficult to use the terms (V.15) forg)9 determination in

explicit form; therefore, relationship curvesp = (Yc 2) are often

plotted for the operating frequencies of instruments in aerial electric

prospecting. As an example, Fig.56 shows relationship curve? c = Fc ( f 2 )

for fixed frequencies 125; 250; 500; 1000; 1500 and 2000 cps. Moreover,

it was assumed that for ore bodies the most probable conductivities comprise

y= 0.05-50 l/ohm.m, and the dimensions of sphere could be within the

range CO(= 1 " 50 m. Since
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2 P 2 = __2

Y = 0 4 VlO- 7 27Tf 78, 88F

d gesI II Spherical,

60

1500 500
20 00

0 1 10 100 a.1 m/ ohm

Fig.5 6

then with an estimate of the adopted values f, ( and OC-it is possible to

assume that this relationship extends also to spherical conductors with

parameter p 2 = 500 - 600, i.e,, to actually existing conductive objects

of spherical form (75, 98, 251).

From Fig.56 it can be seen that with sufficiently high conductivity

of ore body, i.e., with high value of parameter 1 OY2 , phase shift of this

field in respect of the primary will be negligible ( in this figure

parameter YOe is in logarithmic scale). In this case, it is sometimes

said that the secondary field has an active nature. On the contrary,

with low conductivity, when parameterYcL is insignificant, which is

characteristic of non-metallic bodies and bodies of composite structure,

the phase of the secondary field in respect of the primary approaches

to
and the secondary field is assignedLa reactive nature.
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Analyzing the phase shiftI vs. parameterY C at various operating

frequencies, it is possible to draw conclusion that frequencies below 500 
cps

make it possible to assure a higher resolving power of the method than

higher frequencies both with active and reactive secondary field. With

low ~y(of conductive body, i.e., with predominance of reactive nature 
of

the secondary field, slight variations of this parameter on high frequencies

cause an appreciable phase shift of the given field. This leads to increased

errors of measuring at high frequencies with the presence in the area of

irregularities - deposits, surrounding rocks, etc.. Therefore, in aerial

electro-prospecting, measuring of parameter Cs is effective in the

interpretation of survey results.

According to Fig.56, it is possible to conclude that the phase

shift, s with excitation of spherical anomalous body by the uniform field

throughout its dimension does not depend on the altitude of the aircraft.

However, in actual geological conditions, conductive bodies of spherical

form are encountered very seldom. A majority of them have the shape of

cylinder, inclined bed, etc.. With aerial electric prospecting in the

near zone for conductive bodies with the shape of a round cylindrical

conductor of radius O of infinite extension, inclined bed, etc., it is

impossible to assure uniformity of the exciting field through the whole

dimension of the body; therefore, the field anomalies of a body of this

type will be affected by the altitude of flight. In phase measuring, the

altitude of survey has considerably less effect than in the measuring of

other parameters ( amplitude, components). In such cases, determination

of phase parameter, as in the case of spherical conductor, will be justified

and effective.
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Indeed, ignoring the end effects for cylindrical body of finite extent

being present in the exciter field of the oscillating dipole, which moves

on the aircraft at altitude h, it is possible to determine approximately

on the basis of relationships given in (172), the value also of phase

parameter ) c (133).

1.414 -

C~ =arctg (V.17)

1.414 - -/

Fig.57 shows curvec = F ( ), similar to the curve in Fig.56

for the same operating frequencies and radii of cylinder. The conductivity

is so taken that parameterf O 2 would correspond to the actually existing

conductive objects of cylindrical shape, i.e.,f00~O00-300 (251).

From Fig.57, according to operating frequency and the obtained phase shift

of secondary field (c it is possible to determine the factor yO( 2 . It

case also be shown that in aerial electric prospecting by the neighboring

zone method it would be highly beneficial to use patterns, the apparatus

of which permits the phase of secondary field being measured as the most

effective parameter, depending very little on the altitude of survey.
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3. Difference and Sum of Reactive Signal Components of Double-Frequency
Fields:

The intrinsic shortcoming of the induction method with outbroad

gondola is the variability of reciprocal position of the source and field

detector due to inevitable bumping of gondola, in which the field detectors

are placed. As a result the recordable parameters are highly distorted.

However, as has been pointed out, not all the parameters of usable signal,

induced in the field detector, have similar perception of bumping.

Let us take the example as shown in Fig.58 and consider the vector

diagrams of the field intensities, produced in the detector by the resultant

(primary and secondary) field attached with the measurements with compensation

of the primary field signal.

If the signal of the primary field U1 is compensated in a way that

the residual intensity AU coincides with it is phase (Fig.58a), while the

angle between it and supporting voltage Usup isQ ( in this case the phase

of supporting voltage is combined with the phase of current If in the

generating frame), the motion of gondola should cause variation only ofA/U.

This is true only for the linearly polarised field of low frequencies

in the quasi-stationary zone, when the field phase cPremains invariable with

transition from one recording point to another.

The emergence of the secondary field generates in the detector of

the magnetic field signal U2, the phase of which is generally distinct

from the phase of the signal generated by the primary field. The resulting

signal U is an addition of vectors INU and iU2 ( Fig.58-b), and the

phase shift between it and the key signal is equivalent to p . Measuring

of amplitude (modulus) U and phase shiftCP of resultant signal isres

made possible by amplitude voltmeter and phase indicator. It is easy to
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see that with bumping of gondola the modulus and phase of the resulting

signal will vary.

. U
U p ues - i

0 U." U.

:U a 6 0

a b c

Fig.58

With the transition to measuring reactive component Ure of the

resulting signal U by phase-sensible voltmeter, it is easy to see thatres

the bumping of gondola does not result in the variation of reactive

component value. In this case the stop-out of residual intensity to the

extent of 6U' will cause variation only of the resultant signal (U' )res

and its phase shift (CP" ) in relation to key signal (Uk), whereas the

equivalent to reactive component quantity Ur will not change its value

(Ur = U') (Fig.58-c). Thus, the reactive component of the signal is a

parameter, theoretically independent of the bumping of gondola . In the

actual conditions of using instruments of the aerial induction method,

the considerable metal mass of the aircraft directly at the source of

the primary field (generating frame), cause, as we know, non-linear,

i.e., elliptical, polarisation of the primary field (6). This polarisation

is due to the effect of currents, induced in the metal mass of the aircraft

by the primary field. Bumping of gondola causes variation not only of the

residual intensity modulus, but also of its phase, which affects indicatins

of phase-response voltmeter, and thereby the advantages of measuring the
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reactive component in the case of linearly polarised primary field

are lost.

In confirmation of what is stated above we show curves of modulus

Ures, phase and reactive component Ur of the resulting signal recorded by

apparatus AERI-2 in various meteorological conditions (Fig.59-a - results

of survey in relatively calm weather, Fig.59-b - in extremely windy weather).

As follows from these curves, all the measurable parameters depend on the

bumping of gondola.

If instruments of the induction method with outboard gondola permit

simultaneous survey on two frequencies (on different operating frequencies),

there is actual possibility of reducing the effect of gonfdla's bumping

even in the case of polarised primary field (103).

For this, it would be expedient, besides the individual measuring

of reactive components on both the frequencies, to measure directly the

difference or the sum of output voltage in phase-response voltmeters,

proportional to the reactive components of signals on two operating

frequencies, i.e., to apply the differential method of measuring reactive

components of two operating frequencies.

If the output voltages of phase-response voltmeters are equalized

at a certain position of the source and field detector and similar polari-

zation of these two-frequencies field, variation of their reciprocal position

should not, in principle, disrupt the balance of the differential circuit.

With dissimilar polarization on different frequencies, it is not possible

to exclude the effect of gondola's bumping; but even in this case, with

the correct choice of working frequencies, it would be useful to measure

the difference of reactive components (103). In practice, the difference
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Key to Figure 59:'
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between operating frequencies with the induction method 
on two frequencies

is usually not very high, for instance 244 and 1953 cps; therefore the

polarization of the fields on these frequencies 
will be about the same.

The application of differential method for measuring 
the difference

of reactive components of two signals of operating frequencies 
makes it

possible, besides reducing the effect of gondola's 
bumping, to eliminate

the effect of altitude variations and deposits. This is due to the fact

that the field of both the operating frequencies depends practically 
to

the same extent on altitude variations and on deposits; 
the field of

low operating frequency- depends mainly on conductive bodies bedded 
at

certain depth. In the measuring of components and their differences, the

signal should conform exactly either to the current phase in 
the oscillating

frame, or to the phase of the normal field should be correctly 
compensated -
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the phase of key signal should conform exactly either to the current phase

in the oscillating frame, or to the phase of the normal field signal

(in relative measuring), i.e., it is necessary that the phase of the

redidual signal be zero.

4. Quantities Measurable by Aerial Method of Combined Zone:

Of all the quantities, subject to measuring and recording in aerial

electric prospecting by the combined zone method, the most significant are

those which are directly connected with the object of investigation, i.e.,

with the normal and anomalous electromagnetic fields of field sources. Since

the BDK method is the main method of the combined zone, we shall analyse

the indicated quantities as applicable to this method.

The main aspects, discussed in Chapt.III and IV, which characterise

the behavior of the normal and anomalous fields of cable, indicate primararily

that the horizontal component Hx of the normal field dampens slower with

removal from the cable, than the horizontal Hz components. In the case of

the infinite cable, the component H is equivalent to zero, and in the

case of the finite - it is very negligible in quantity. This circumstance

is very significant in the choice of measurable quantities in the BDK

method. Quick attenuation of the component Hz , smallness of H with

comparatively high noise level on the aircraft, scanty competence of the

generating ground apparatus hamper the construction of measuring devices

of the required selectivity and quick action doring the flight. At the same

time, the convenience of flights across the cable, the possibility of

taking off away from the cable with the same response of instruments to a

considerable distance and other factors (216) confirm the expediency of

investigating the component H instead of H (90, 103, 118). The investi-
gation of other field components or parameters of the polarization ellipse

gation of other field components or parameters of the polarization ellipse
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(185, 186), is apparently difficult.

The measurable parameters could be amplitude, phase and e.m.f. com-

ponents of the signal induced by the component Hx in the magnetic field

detector. In accuracy, appreciation of measuring and recording of these

parameters, the two following features must be taken into consideration.

The first feature is due to the interpretation of anomalies from

resistivity values (41), which are calculated on profile from the values

of the resultant (normal and anemalous) field. This requires a comparatively

high accuracy of maasuring ( the altitude of survey and the flight course

should also be precisely maintained). With this type of interpretation,

the phase characteristic of the field (D H is practically of no significance;

hence it is suggested that no time be wasted on its study (41). Actually,

in this case, there is no need also to record the components.

The second peculiarity is connected only with the fact of the anomaly

detection. In this case, the accuracy of measuring could not be high as

compared to the first case. The interpretation technique of survey results,

suggested by the authors of (216), is calculated for measuring the

amplitude and phase, the components or one of the components ( active or

reactive) and of the phase in relation to geological conditions of the

survey area. The permissible errors in measuring and recording - 2-3% in

the amplitude or component and 1-2o in the phase. These requirements of

instruments are quite sufficient for detecting the major, as well as very

minor, field anomalies. Since from the results of the aerial survey there

is bound to be a detailed ground survey, subsequently topped off, if

required, by drilling, the absolute and exact measuring of anomalies in

the air has only an auxiliary value. Moreover, in this case, the use is

of a more complete information regarding anomalies, as the amplitude and
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phase characteristics of the cable's field are measured on different

frequencies (98).

Instruments which take into account the above peculiarities,

are very much distinct. The first peculiarity is taken into account by

the ground apparatus as well as the airborne ( mobile) one, having a

precise recording voltmeter. It also requires a highly qualified crew

for the aircraft, capable of maintaining at a given altitude, the set course;

or the apparatus should be provided with devices for correcting the

navigational errors.

In the estimate of the second peculiarity, the ground group is also

required, but with tranmmitmrt f the principal phase signal. The measuring

instruments need not be of very high accuracy for amplitude and phase

measuring. The aircraft crew could be medium qualified. Thus, the second

way is simpler and makes it possible to obtain a more comprehensive infor--

mation regarding anomalies; therefore it is widely applied in practice

(87, 89, 103, 216).

The minimum values of the amplitude of horizontal component H

determine the required response of the measuring instruments. If the

nominal current in the cable, the operating frequency and approximae correct

geological conditions of the investigation area are known, then, from

formula (IV.31), it is possible to determine the Hx field at such a distance

from the cable as is required for ensuring a considerable flight around

the survey area. The geological conditions of the chosen are4 are usually

judged from the geological data and results of various geophysical

investigations on land.
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In the determination of the required quick action (legging in recor-

ding) of measuring instruments in the BDK method, it is important to know

the nature of field variation at each point of the operation profile and

the average speed of the aircraft. Investigations have shown (89, 216),

that the field gradient near the cable has very high values and, at a

distance from it, the gradient values decrease by two-three orders. Thus,

with I - 1 near the cable the field gradient attains 10- 2 - 10-3 /m, and

at a distance - only 10- 4 to 10- 5  /m2 . The speed of the aircraft, which

is determined by its type, is usually known.

Key to Figure 603 I

a, I -

b, f = 244 Hz; b
c, Non-working ,

zone. -' 4 5 x,

c/

I 1- 'I

Fig.60

The indicated nature of variation of cable field H causes certain
x

difficulties in devising measuring instruments. Indeed, the measuring time

in aerial electric prospecting is limited; all recording devices, specially

those with moveable mechanical details, have a limited quick action.

The area of the survey map, with one laying of cable of 10-30 km, should

be as large as possible ( about 200 sq. kdi. The nature of the H field
x

is such that, to ensure the required accuracy of measurements throughout

the whole operating profile, the apparatus should be provided with multi-



-167-

range measuring of amplitudes, i.e., the measuring range should be divided

into a number of sub-ranges or measuring limits. This means that, during

the flight, the operator has to commutate the range of measuring ( and

the nearer to the cable, the more often), or, in the selection of the

operating range, it is necessary to cut in the device for automatic search

and commutation. Experience shows that neither the one nor the other

assures a normal operation of instruments near the cable; therefore, in

aerial prospecting by the BDK method, the zone 0.5-1 km from the cable is

assumed to be the non-operative zone. The application of digital recording,

which in principle could resolve this problem, has not so far been

practised.

The behavior of the amplitude characteristic of the field is

similar to that of the phase characteristic9P Hx , which with removal from

the cable changes its value from zero above the cable to 5 JTin the

furthest from its zone. For then normal field above a uniform half-space

in the same zone, the( H, characteristic theoretically does not depend

on the parameters of medium (30, 68, 69). The variation velocity of the

phase angle - phase gradient - is 50-90 degr./km near the cable, decreasing

to a few electric degrees per 1 km at a distance from it.

In the event of non-uniform half-space, this relationship 'invariably

has a composite nature. This is confirmed also by the test data obtained

in various geological conditions. For irstance, Fig.60 shows the actual

phase characteristics 09 Hx, recorded in Maidan-Vila section (see para 5

Chapt. IV) in relation to the cable distance x on three frequencies: 244,

488, 976 cps (profile No.1, course 2000, v = 100 km/hr, 1 abl.= 11 km.

altitude of gondola 35 m).
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From Fig.60, it follows that, at various frequencies, in the same

geological area with all other conditions equal, the behavior 
of 7Hx varies.

This is specially noticeable in the zone close to the cable. The highest

phase gradient in this example is evident on frequency 976 cps. 
At a dis-

tance of 1.5 - 0.5 km from the cable, this phase gradient is 55 degr/km.

0 F

0 , ,o0 x,M 1,0 x,u 0 ,5 xKM

80
40

0 0,5 1,0 2,0 K

o ,5 1,0 .xKM -40

Fig.61

The methods of aerial electric prospecting are invariably based on

the multifrequency principle of investigations. This principle is also

applied in the BDK method. However, in this method the range of applicable

frequencies is limited, on the one hand, by the fact that the measuring time

on the aircraft is limited by its comparatively high speed and, on the

other, by the fact that on higher frequencies the cable on the ground often

conforms poorly to the oscillator and behaves as a line with distributed

parameters, which also limits the operating voltages in the line. According

to safety regulations, voltages on the cable should not exceed: the <disrup-

tive voltage of its insulation ( the current in the cable on higher

operating frequencies should not increase considerably). It has been found

(89, 102), that in laying out of the cable upto 30 km in the majority of
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geological areas, the upper operating frequency of the 
generating unit

should never be taken above 3-4 k-cps, and the lower below 60-80 cps.

Aerial electric prospecting by the BDK method is characterised by

a comparatively high ratio of the field anomaly to the 
normal cable field

on operating profile. The altitude effect on the magnitude of the

anomaly is insignificant ( see para 3 chapt.IV). The given method permits

to anomalies directly on the background of the normal field being measured

and does not impose any critical limitations on the accuracy of the

apparatus set up.

A.,degree A degrees

o 1 10 X,KM

-10
-30

D-,

Fig.62

Fig.61 shows the behavior curves of anomalies' amplitudes 
(a.- c )

and of component (d, e), and Fig.62 - phase curves,obtained in various geo-

logical conditions by the BDK method. These curves show typical field

anomalies. On the abscissae the width of anomalies is plotted and on the

ordinates - either the ratio of the magnitude of the anomaly to the magnitude

of the normal field at reception points (Fig.61) or phase variation at 
the

same points. The operative altitude of survey 85 m.. As follows from these

curves, the behaviors of the typical amplitude of anomalies, the components
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and phases are quite diverse. Nevertheless, on the basis of these curves,

it is possible to determine the variation range of measurable quantities.

It is assumed that the amplitude and component anomalies are on

an average 20-25P, and of phases - 10-15 . The width of the anomaly on an

average is 2 km for the amplitude and components and a little less for the

phase. With the altitude of the survey reduced to about 30-50 m, the

width of the anomaly decreases proportionately whereas the variation range

of the amplitude, components and phases increases.
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PART II

PRINCIPLES OF PLANNING UNITS AND THE ELEM1E1NTS OF

APPARATUS IN AERIAL ELECTRIC PROSPECTING

CHAPTER - VI

GENERATING UNITS.

1. General Requirements Imposed Upon Generating Units.

In conducting aerial electro prospecting by various methods, the

excitation of the harmonic electromagnetic field requires a special low-

frequency generating unit. At present, the generating units applied in

BDK, induction and VINP methods have, as a rule, harmonic current at the

output.

To increase the exploratory efficiency of the apparatus (depth,
U

survey area, etc.), it is expedient to have as high as possible ratio U
n

(signal-noise), which, with the attainable minimum level of noise Un,

wholly depends on the magnitude of usable signal U . The magnitude of the.s

usable signal is in its turn affected by the efficiency of the electromag-

netic field exciter (oscillatingframe in the induction method, grounded

cable in BDK, etc.), and the competence of the generating unit.

Thus, with the same construction specifications of the primary field

exciter, one of the ways of increasing the signal-noise ratio is to raise

the competence of the generating unit. The power ouitput of the generating

unit is invariably limited. In the induction method, this limitation is

the power supply for a given type of plane and the maximum allowed voltage

at the terminals of escillating frame (U fr /_ 500v). For instance, in the

apparatus fitted on planes IL-12 or IL-14, the allowed maximum power per
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one operating frequency does not exceed 500 and 1000 watts. In the

apparatus of the BDK method, considering its overall size and wiight and

also the safe voltage on cable, the maximum power at the output of the

generating unit should not be over 2-3 k-watts.

It should be mentioned that the requirements imposed on the

generating sets are also high with respect to the frequency stability

and the time constant of the radiators phase characteristics. This

is explainable by the fact that, due to high noise level in the field

detector the measuring devices are provided with special selective

systems with narrow transmission band. This narrow-band characteristic

imposes in its turn high demands for the accuracy of the set up and the

time stability of current frequency in the exciter of the electromagnetic

field.

Indeed, analysing the known terms (56)

n - (VI.1)
n /1 + (2 Q )2.

p

cp arctg ( F Q ) . (VI.2)
p

it is not difficult to note that the instability of frequency F is

reflected both in the amplitude and phase characteristics of the

measuring set up. Due to steep phase characteristic, within the range

of resonance frequency Fp negligible changes of the generator's current

frequency cause considerable phase errors with relatively insignificant

variations of amplitude characteristics. Therefore, the determination

of the allowed frequency instability should be based on the allowed phase

error.
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Estimates show that with the tolerance error in phase of 20

and the general quality coefficient of the selective system Q = 50-100,

the frequency stability of the oscillator should not be less than 0.05-

0.1%. If it is taken into account that phase error is caused not only

by the instability of the oscillator frequency but also.by the parameter

variability of selective systems, phase-shifting and phase-controlling

circuits, etc., the requirements imposed on the stability of oscillator

frequency should be higher. The optimum frequency stability of the

oscillator is the quantity (1-3)10- 4.

At present the most popular are the electron tube and semi-

conductor oscillator. The most popularemong the wide-range audio-

frequency oscillators are those based on pulses and resistance-

capacitance coupling. Of the narrow-band oscillators and those on

fixed audio-frequencies, those widely known are the RC and LC-

oscillators, magnetostrictive, piezoelectric, etc..

The application of wide-band oscillators is inexpedient,

since these, besides the frequency instability under the effect of

external coefficients (temperature, humidity, potential, tube

seasoning, etc.), have initial error of frequency (graduation error).

The popular factory-made audio-frequency oscillator GZ-33 has the

graduation error 6 F = - (0.02F + 1). In the beat oscillators, the

graduation error is also considerable. If we take into account also

the frequency instability, caused by the effect of external and

internal chefficientq it becomes clear that oscillators with wide-

range even variation are not fit for the devices of aerial electric

prospecting.
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In oscillators on fixed audio-frequencies,there is no graduation

error and, moreover, in this type of oscillators it is possible to

attenuate the effect of external and internal coefficients on the

frequency stability, which, therefore, comprises 1.10 (141). In rheo-

stat-volumetric oscillators, the frequency stability depends mostly

on the constancy of R and C quantities.

Investigations, which have been donducted (58), make it possible

to assume that RC-escillator with stability upto 0.1-0.2%6 in temperature

range 20-700 can be constructed. However, in this case resistances

should be made of manganese wire, and the capacitors should have low

temperature coefficient (TKE). The manufacturing of this type of

oscillator involves considerable difficulties, as the mangriinresistances

have parasitic reactance, which causes additional phase shifts,

resulting in unstable operation of the RC-oscillator.

The frequency stability of LC-oscillators is determined mainly

by the parameter stability of inductance L and capacitance C. For

the audio-frequencies, the inductance is achieved by a core with a

large coefficient of magnetic permeabilityp.With the surrounding

temperature varies the coefficientAand hence the inductance L.

The maximum frequency stability, as shown in (174), depends

on the quality coefficient of the circuit, which is determined by the

quality coefficient of inductance Q =-- at the lowest L/C ratio.

On audio-frequencies, due to high L and C values, it is rather

difficult to implement reciprocal compensation of inductance and

temperature coefficient (TKTO) of the capacitance, in the

audio-frequency range of LC-oscillators it is difficult to attain fre-

quency stability high@ than 1.10 -3 . The magnetostrictive oscilla-
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tors assure high stability of frequency (upto 1.19-5) with temperature-

controlled magnetostrictive rods or with those made of two metals

of opposite temperature coefficients. Oscillators of this type could

be used in aerial electric prospecting.

Very simple in construction are the oscillators with the quartz

crystal control of frequency. They assure high stability of frequency

(10-5 - 10-6) even without the temperature control of quartz. The

S a b Key to Figure 63,:

c 8 3- KOpO 
a, Quartz generator;

ee b, FeV = FkV; -

c, FkV/
Fig.63.

audio-frequency oscillators, with the quartz crystal control, can be

made from diagrams with quartz for operating frequency (Fig.63), with

quartz for higher frequency, with subsequent frequency division (Fig.64)

and on scheme for pulses (Fig.65).

Key to Figure 64:b ----. c .. a, F,
a d ' kV'

enepamop neflbme m 15& b, Quartz generator,

c, Frequency divider;
fkV

d, F - kV
eV h<

Fig.64.

In the quartz oscillators, for pulses, the use is made of

quartz plates on radio-frequency ( f>100 kcs). The natural frequen-

cies of oscillators are chosen in such a way that the difference

would be equal to the required audio-frequency, t.e.
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(fKB fl) - (f 
=  3B 2 ,

f 2 ) (YI3)

where fkBand fk86- are the frequencies, respectively, of the first and

second quartz oscillators; Afland zf - absolute values of frequency

instability in both the oscillators; F3 8- resultant audio-frequency.

a- - Key to Figure 65:\
_ apgyjei c a, Quartz generator;
zenepamop I b, Quartz generator;

c-ecurnenb 
- - F-- F ,-f, ~ c Mixer.

KOapgededi
K82 2 enepamop

Fig.65

If the quartz plates have frequencies in the order of 100 kilo-

cps, the absolute value of the oscillator frequency instability could be

upto 1 cps. Thus, regardless of the resultant audio-frequency, its absolute

instability in the oscillators for pulses may attain cps units.

Quartz oscillators of two other types have considerablylower ins-

tability. Thus, for the oscillator with quartz set directly for operating

frequency ( see Fig.63) we have

w3B = KB
where

\F = F1 (10 -5  10- 6 )

In the apparatus of aerial electric prospecting, the most frequently

applied is the audio-frequency master oscillator with subsequent division

of quartz frequency. The frequency instability of oscillator of this type

as in the preceding case, is in the order 10-
5 - 10- 6 , since
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fKB a f

3B n

where n - frequency division coefficient.

Besides the high frequency stability, the generating unit should

have the non-linear distortion coefficient not over 5-101, and its output

should be consistent with the load resistance of the electromagnetic field

exciter.

2. Master Oscillators.

To eliminate, in the receiving unit, noises, equivalent to the

frequency of industrial power supply system and its harmonics (50; 100; 150

cps, etc.), at the initial development stage of aerial electric prospecting

in USSR the following frequencies were selected for the BDK and induction

methods: 81, 38; 244; 28; 976; 56; 1953; 13 and 3906,25 cps. These frequen-

cies were obtained by the division of quartz frequency of 125 kilo ops

768-, 256-, 128-, 64-, 32-, and 16-times. In the first versions of the

BDK ahidinduction,apparatus, the frequencies applied were 81,38; 244,14;

488,28; 976,56; 3906,25 and 7812,5 cps.

The construction principle of master oscillators becomes clear on

examining their circuits in the apparatus of the BDK and induction methods

(both were developed by Physico-Mechanical Institute of Al Ukraininan SSR).

Master Oscillator in the Apparatus of BDK Method: The functional

circuit of the master oscillator in the AERA-58 set is shown in Fig.66.

The controlling harmonic current with frequency F = 125 kcps is fed

from quartz oscillator 1 to multivibrator (frequency divider) 2. The

rectangular impulses of voltage with frequency f : 16 = 7812.5, cps are

fed to selective amplifier 3, the output voltage of which is harmonic.
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S 2 3 4 5'3

Fig.66

The second multivibrator 4 is provided with a switch, which permits

the time constant of RC-circuits being varied and thereby the oscillation

frequency. This multivibrator is synchronised br frequency Fl = 7812.5 cps ahd

F F
allows the obtaining of two frequenciesA Fq= 1. and F = - , 3906.25

2 8

and 976.56 ops respectively. One of the frequencies F2 or F is fed

into the selective amplifier 5, at the output of which the voltages with

frequencies 3906.25 and 976.56 cps have harmonic form. The third multi-

vibrator 6, synchronised by frequency F , divides F = 4- 5244.14 cpsF_3 4

and F5 -T- -e 81.38 cps. Beyond this multivibrator the signal centers

thei selective amplifier 7.

The output part of the oscillator is a phase inverter 8 and two-

cycle amplifier of power 9 (A class) with a matched transformer at the output.

The master oscillator, assembled according to the analysed block diagram,

can assure at the output harmonic current of one of the fixed frequencies:

3906.25; 976.56; 244.14 and 81.38 cps.

In the airborne setup of the BDK method AER -2 and AERA-3(1961) and

of the induction method AERI-2 (1962), the master oscillators were made with

quartz for operating frequency 3900 cps.

Master Oscillator in AERI-2 Apparatus for Induction Method: Fig. 67

shows functional circuit of master oscillator with two-channel output on

double frequency.
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The alternate current with quartz frequency 3900 cps from quartz

oscillator is fed into selective amplifier 2. From the output of the

amplifier, the harmonic curent with frequency F1 ~ 3900 cps arrives at

switches 11 and 15 of the amplifying output channels, hence as synchro-

nizing current - to the first multivibratory frequency divider 3, with
F1

index factor n = 2. The rectangular current impulses at F2 - 2 = 1950

c-s enter selective amplifier-4 and hence to switches 11 and 15. In

the same way operate dividers 5, 7, 9 and selective amplifiers 6, 8, 10,

at the outputs of which harmonic currents with frequencies 975; 487.5

and 243.75 cps respectively are obtained. Thus, all the working

frequencies are available at switches 11 and 15 of the amplifying channels.

With two-channel operations on two frequencies the current of

the required frequency is fed from switch 11 of channel 1 through

switch Bk1 ( position 1) to phase inverter 13, from which the working

frequency current enters amplifier 14 of channel 1; through cathode

follower 19 the reference potential of the working frequency is selec-

ted for the same channel of the measuring group.

From the change-over switch of frequency 15 of channel II the

current of the second working frequency arrives at the input of phase

inverter 16, hence, to amplifier 17. The reference potential is taken

off through cathode follower 18.

With single channel operations on twofrequencies, possible only on

channel I, two currents of different frequencies from change-over switches

11 and 15 enter mixer 12 through switch Bk2 (position 2) and hence

enter amplifier 14 through switch Bk1 (position 2) and phase inverter

13. The circuit is energized by its omwn unstabilized rectifier 20

and stabilized rectifier 21 of alternate current electromechanical
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: Key to Figure 67:
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Fig.67.

transducer (frequency 400 cps, voltage 115 v) of the aircraft power

network.

The line diagram of the AERI-2 master oscillator is shown in

Fig. 68. The quartz oscillator is assembled on left triode L1 (6NlP)

according to a three-point diagram with capacitive feed back and direct

cut-in of quartz resonator with natural frequency F = 3900 cps. Used as

a resonator is a quartz crystal plate with MT type shear. The feedback

capacitances are those of the quartz-holder itself. Resistances R 1 and

R2 are the anode load of the oscillator 
and also the divider in the

feedback circuit, voltage from which is fed to the resonator through

capacitance C1 . Current with frequency F1 = 3900 cps from the quartz

oscillator anode is fed through capacitor C2 and quenching resistance

R4 to the grid of the first selective amplifier, on the right triode L1 .

The selective amplifier is a current amplifier with transforming

output with double T-like RC-filter in the backfeed circuit. Current

with frequency F1 = 3900 cps from the anode of right triode L1 is fed

through dividing capacitor C6 to load resistance R9 , hence to filter,

consisting of two RC T-circuits: R5, R6, C5 , R7 and C3 , R8, C4. From
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vered to the grid of the right-hand triode LI. By means of resistance

R7 the quasiresonance of the filter is tuned exactly. Resistence R10

implements the automatic shifting to the tube grid and additional

feedback in the current.

Anode load of the selective amplifier cascade is the primary

coil of transformer Tp4 , from the secondary coil of which harmonic

current with frequency F1 = 3900 cps is fed to contact one of changeover

switches P1 and P2 of the channel frequencies. Moreover, from the anode

of right-hand triode L1 through capacitance C7 and quenching resistance

R11 voltage is taken off for the synchronization of the first frequency

divider L2.

The frequency divider is made up from the diagram of multivibrator.

Time constant of the auto-oscillations is determined by the capacity of

coupling C8 and C9 and resistances of grid leak R14 and R15. The tuning

of frequency and, thus, selection of the present index factor is imple-

mented by means of variable resistance R14. Index coefficient of the

first multivibrator frequency n = 2; its output produces current

impulses with frequency F2 = 1950 ops. Resistance R1 2 and R13 - anode

loads of the first multivibrator cascades.

Frpm the anode of right-hand triode L2, the rectangular current

with frequency F2 is being fed, through dividing capacitor C10 and

quenching resistance R1 6, onto the controlling grid of the second selec-

tive amplifier L3. The quasi-resonance frequency of the selective

amplifier 1950 cps is determinable by quantities R18 , R2 1, Cll C13.

The filter frequency is tuned by varying intensity of the variable

resistance R20:

From the secondary coil of transformer .,5, harmonic current
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with frequency F2 = 1950 cps arrives at channel change over switches

P1 and P2. Circuits of the following three frequency dividers, opera-

ting on tubes L4 L6 and L8 , are similar to the circuit of the first

multivibrator. The L output produces rectangular impulses of current

with frequency F3 = 975 cps; at L6 output we have F4 = 487.5 cops and

at L8 = F5 = 243.75 cps.

Beyong each frequency divider is cascade of selective amplifier

(L5, L7 and L ). Harmonic currents of all operating frequencies ( 975;

487.5 and 243.75 cps) are lead-in to the corresponding contacts of channel

frequencies change-over switches P1 and P2 . The current of one of the

five operating frequencies taken-off switch Pl, is fed to potentiometer

R10 3 at the input of the signal mixing cathode follower, assembled on the

left-hand triode L1 6. In operations without mixing, resistance R10 3 gets

cut off by switch Bk3 . Moreover, from the change-over switch Pl, the

current of the operating frequency enters through dividing capacitance

C52 into the input of cathode follower of channel I bearing pressure

(left-hand triode L17).

The current of the second operating frequency, taken off the

change-over switch P2, is fed through switch Bk2 to potentiometer R94

of the input adjustment of the mixing cathode follower (right-hand

triode L16) of the second operating frequency. Through dividing capaci-

tance C51, the current of the second frequency arrives at the cathode

follower input of the channel II reference potential (right-hand triode

L17). The mixing circuit of frequencies is implemented on two cathode

followers of tube L16. The output voltage is taken off from the middle

of resistances R98 , R99 and through dividing capacitor C48 fed to

potentiometer R99 for adjusting amplifier of the mixed frequencies channel.
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With two channel operations on two frequencies the switches

Bk2 and Bk3 are disconnected 
and the current from change-over switch

P1 arrives through capacitor C5 0 onto the grid 
of left triode L1 6 - In

this case, the grid of the right triode connects through R94 with 
the

body. From the load of cathode follower R10 0 , R10 1 through R9 9 
current

with frequency, corresponding to the operating frequency of channel I,

through capacitor C48 and adjustment potentiometer of output signal R59

is being fed to the grid of the phase-inverter left triod L10

The second operating frequency is taken off the change-over

switch P2 and through capacitor C47 ; resistance R93 and potentiometer

R92 energizes the grid of the phase 
inverter's left triod L15 in the

amplifying track of channel II.

With one-channel operations on two frequencies ( the use is made

only of the channel I amplifying track) the switches Bk2 and Bk are

locked, frequency mixer correction. From resistances R9 8 , R99 the

mixed currents of two frequencies are taken off and fed into the phase

inverter of channel I. The phase inverters and power amplifiers of

both the channels are implemented similarly.

Let us analyse the circuit of channel I. The phase inverter is

made on autobalance circuit with a common grid on double triode L10

From anode loads of triodes R63 and R64 currents, shifted in phase at

1800 through intermediate capacitances C40 and C41, energize the

controlling grids of tubes L11 and L12 two-cycle outgoing power

amplifier. The output cascade is executed on the circuit of ultra-

linear amplifier with low coefficient of non-linear distortions (139).

Both the cascades of the amplifier are covered by negative feedback

via voltage. The output transformer Tp2 has a special coil to obtain
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the voltage, of the negative feedback, which energizes the.grid of left

triode L10 ; by means of resistance R72 it is possible to select the

required intensity of this voltage.

The reference potentials are removed from the cathode resistances

R105' 106 and R108' 109 of double triode L17 and enter, through

capacitances C53 and C54 into change-over switch P . By means of this

switch, channels I and II of the measuring apparatus could supply the

potential of the operating frequency or cut-in to external oscillators.

3. Power Amplifiers:

In the apparatus of aerial electric prospecting any amplifiers

can be used as power amplifiers, provided they satisfy the requirements

of output power, load resistance, nonlinear distortion coefficient,

etc. For instance, in the apparatus of the BDK method it is possible to

use amplifier TY-600 with some alterations and additions in the

circuit. However, considering the specific operating conditions of the

generating unit in aerial prospecting apparatus, power amplifiers should

be planned after considering these conditions.

Besides, the general requirements, the power amplifier has to

satisfy the following:-

1. Power amplifier for the BDK method should be made of separate

blocks convenient for transportation by any means. At the output

of the amplifier there should be a transformer, which would

provide coordination with load (grounded cable). The operating

frequency range of the amplifier should be 200-2000 cps. The

voltage and current in the cable should be controlled by special

measuring devices. The output of the amplifier must have an
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arrangement for the removal of reference potential, which is

in phase with the load current. The amplifier is energized from

a portable power-plant of three phase alternate current with

frequency 50 cps and 220/380v.

2. Power amplifier for induction and VMP method should have a

minimum overall size and weight. It is meant for a 6-hour conti-

nuous operation. It can be cooled by rushing air current

through it. The amplifier should have a system protecting it

from vibrations during the flight, landing and takeoff. It

should have a two-channel construction. The coordinating

transformer should assure coordination of the amplifier with

load (oscillating frame) in frequency range 200-4000 cps.

Energizing of the amplifier should be from the power supply

network of the aircraft through one-phase mechanical converter

115v and frequency 400 cps ( for example, MA-2500, etc.).

4. Generating Unit in BDK Method:

The components of the generating unit, meant for aerial electric

proppecting by the BDK method includes, besides the master oscillator

and power amplifier of audio-frequency: a radio set for transmitting

key signal to the measuring device; a device for the control and

phase-adjustment of key signal emitted into the air; UK-radio station

for communication with the pilot and operator of measuring instruments;

antenna, etc.

Fig.69 shows time-base functional diagram of the generating unit.

From the output of master oscillator 1, the current of one of the fixed

frequencies (243.75; 487.5; 975 or 1950 cps) is fed to subterminal

amplifier 2, from which the sound current of excitation is fed to two-
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cycle power amplifier 3. The output device 5 is meant for coordinating

the output resistance of amplifier with load (grounded cable 6), current

take-off onto measuring block and compensation of reactive component

of load by means of capacitances and inductances. Device 4 is meant for

automatic cut-off load from power amplifier with the break of connecting

line A - B. The capacity of the output amplifier is about 2.5 kilo-watts.

r---------1 2

21 22 23 27

T 24

i L
--------------------------------------

I O1 11 12 13 14 15 16 17 18

20
Ij I

- - - - - - - -- -- - - - - - - - - - - - -

f 2 3 4 )

Fig.69

For phase control of the key signal, emitted into the air, .in

relation to the current phase in cable, there is a special measuring

instrument. Reference potential U1 in phase with current in the cable

is fed from output 5 to cathode follower 7 and hence to phase inverters

8 and 9. For compensation of phase shifts in the measuring circuit

itself, the voltage, after the cathode follower, is fed through change

over switch PI ( position 2 ) to zero-indicator 20 through amplifier 11,

limiter 12, cathode follower 13 and differential detector 14. The same
to

detector is fedtwo quadrature currents from cathode followers 15 and 16.
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At phase inverter 17 the signal, amplified by amplifier 18, arrives

from additional phase inverter 9. This phase inverter compensates

phase shifts in the measuring circuit.

Voltmeter 19 controls the current of measuring circuit U2, which

modulates voltage U3 and beference potential U , fed from control

receiver 10, cut-in to antenna 26. Phase inverter 8 compensates phase

shifts of the key signal radio-transmitter. For this, the change-over

switch P1 is fixed inp-osition 1i.

The radio-transmitter of the key signal consists of a master,

oscillator with quartz crystal control 21, intermediate amplifier -

frequency doubler 22, power amplifier 23 and modulator 24. The signals

are emitted by antenna 25 with vertical polarization. The carrier

frequencies of the signal, emitted into the air fl, ard 2.3 or 3.2

megacycles per second.

The UKV-radio station operates on four fixed frequencies within

the range 100-150 Mcps and is meant for command radio-communication with

the plane.

5. Power Amplifier of the Induction Method Aparatus:

The power amplifier of the generating unit in apparatus AERI-2

consists, as does the master oscillator, of two channels - lower (243.75;

487.5, 975 cps) and higher (975; 1950; 3900 cps) frequencies. Each

channel has its own amplifier. The load of the final stage in each

amplifier is the corresponding section of oscillating frame, tuned to

the working frequency of its channel.
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Fig. 70

Competent amplifiers assure at the input approximately 100 v-a

in the channel of lower frequencies and 600-v-a in the channel of the

higher. The line diagrams of amplifiers of both the channels are

identical.

Let us examine the diagram of the lower frequencies channel

(Fig.70). The primary coil of the input transformer Tpl is energized by

the excitation voltage from the output of master oscillator channel I

(through contacts 1-4. and 2-5 of the plug and jack 1-3). The primary

coil of transformer Tpl could be cut in to any other external master

oscillator through terminals KI and X2

From the secondary coils, of the output transformer Tpl the

signal of the operating frequency ( or mixed signals of two frequencies)

proceeds in opposite phase to the controlling grids of L1 and L2 tubes

of subterminal stage, implemented on a two-cycle circuit of cathodeof subterminal stage, implemented on a tw~o-cycle circuit of cathode
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followers with choke load in cathode circuits. Cathode followers assure

low putput resistance on alternate current and have a deep negative

feedback, which is important for reducing the nonlinear coefficient

distortion. MillimetersmA1 and mA2 control the anode currents of

tubes and their symmetry. The screen grids of tubes are energized

from a common source through filters R5C4 and R8C6 to prevent self-

excitation of cascade on higher frequencies. Bias voltage on cont-

rolling grids of L1 and L2 tubes is taken off the potentiometer R20

of divider R18 - R20. Resistance R1 and R2, which shunt the secondary

coils of transformer Tpl, are meant for rectifying the frequency response

of the input transformer.

From the cathodes of L1 and L2 tubes, antiphase voltages arrive

at the controlling grids of L3 and L4 tubes of the terminal stage. This

stage operates in conditions B2 with transformer Tp2 serving as load.

Fixed bias on controlling grids of L3 and L4 is put in from potentiometer

R19 of divider R18 - R20 on the middle point of choke Dpl and hence through

antiparasitic filters R13C9 and R14C10 onto the tube grids.

On test jacks KG1 and KG2 it is possible to measure the amplitude

and investigate the voltage shape of the subterminal stage, and also the

intensity of bias voltage.

Cut in to cathode circuits of output tubes are the millimeters

mA3 and mA4 for measuring the total anode and the screened current of tubes.

The tubes L3 and L4 are energized from the individual coils of

incandescent transformer Tp 3 .

To prevent self-excitation of the cascade on higher frequencies,

both halves of the primary coil in output transformer Tp2 are shunted

by RC-circuits (R1 5C1 3 and R1 6C1 4).



The secondary coil of transformer Tp is charged Onto the
2

oscillating frame. Input resistance of the oscillating frame section

at various frequencies differs; therefore for load coordination this

coil is sectioned. Outlets from sections of the secondary coil are

cut in to change-over switches PI and P2, by means of which it is

possible to attain optimum coordination of the power amplifier output

stage with the load.

Application is made in the amplifier of successive in-current

negative feedback, which encompasses the terminal and subterminal

stages. Voltage of the negative feedback is taken off the anodes of

the terminal stage tubes and, through dividing capacitances C3C 3 and

CC 8 , supplied to dividers R R 4R and R R1R10 from which it is led

into the secondary coils of transformer Tpl. The power magnifier is

energized from the power-supply network of the plane through mechanical

transducer MA-2500 with output voltage 115 v with frequency 400 cps.

The high tension rectifier for energizing anodes of L , L4 tubes

and rectifier for energizing anode-screen circuits L1 , L2 , and also

of screen-grid circuits L3, L4, are in a separate block and connect

to the power amplifier block by special plug connectors (SHPl-4, BP).

Bias rectifier, operating on kenotron L5, is mounted in power amplifier

block.

For energizing the bias circuit of L1 , L2 tubes, the coil of
the in

relay PI is cut i1/series with divider R1 - R 20. Withnormal opera-

tion of bias rectifier contacts 1 and 2 of this relay are closed and

voltage + 600v is supplied .to anodes and screen grids L1 , L2, L3 and

L4. From resistance R1 7 , cut in to circuit 600v, voltage is taken

off for circuit blocking of high tension transformers, energizing
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anodes of L3 and L4 tubes. In the absence of bias voltage and tension

+600v the high tension transformers are automatically cut off.

6. Transistor Generating Unit in the apparatus of Induction Method.

The above described generating units on electronic tubes were

devised in 1958-61 for science research and production tests to deter-

mine the efficiency and potentialities of aerial electric prospecting.

Devices, meant for production work, should be distinguished

by high reliability, low cost, overall size and weight. In this

respect, preference should be given to transistor systems, which per-

mit the build-up of generating units of high stability: .nd required

competence. Minor overall size and weight, low cost of energy make

it possible to install this type of apparatus on light type planes

(AN-2, etc.) and helicopters (MI-4, etc.). This provides an

opportunity to carry out investigations at l6w altitude and speed

of flight.

As an example of transistor oscillating apparatus, let us take

the master oscillator (Fig.71), applicable in various methods

of aerial electric prospecting, and power amplifie **)at 100 wt

(Fig.72).

In the master oscillator, the quartz oscillator operates on

transistor T1 of P15A type on inductive three-point circuit with direct

cut-in of the quartz resonator of natural frequency 7812 cps. The

quartz plate, with shear NT type, operates in conditions of bending

(*) The system of the generator is devised and implemented in the
Physico-Mechanical Institute of AN Ukrainian SSR by A.S. Lutsyshin
and L.Y. iisiuk.
(**) Amplifier circuit is devised and implemented in the Physico-
Mechanical Institute of AN Ukrainian SSR by E.I. Kurilov jointly with
the authors.
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oscillations. The load in the collector circuit is the parallel

resonance circuit, tuned to quartz frequency and consisting of

capacitance Cl, inductance L1 and primary coil of impulse transformer

1. From the secondary coil of impulse transformer the synchronization

voltage is fed to the blocking-generator of timing impulses. More-

over, the collector of T1 transistor is loaded through capacitance C3

onto divider R4R5 , from which harmonic current of 7812 cps frequency

is supplied through the changeover switch of operating frequencies

P o6 onto emitting repeater T . The divider R1R2 assures initial

bias voltage on T1 base. By means of resistance R3, blocked by

capacitor C2, some temperature stabilization is attained for the

operation of the transistor.

The changeover of shift registers on ferrite cores required

current impulses with amplitude upto 0.5 - 0.7 a. Obtaining of these

impulses by amplification is irrational; therefore, in the circuit of

the described oscillator the use is made of retarded blocking-generator

on transistor T2 with external start-up. The starting impulse taken

off the secondary coil of transformer 1, are conveyed to base T2

through starting circuit - resistance R6, diode D1 and primary coil

of impulse transformer Tpl . The source of blocking voltage is the

divider R R. The resistance R7 is blocked by capacitances C4 and C5.

The coils of impulse transformer Tpl are cut in so that

increment of the collector current produces a rise in the trigger

voltage on triode T2. The secondary coil of transformer Tpl,

shunted by diode D2, is switched into collector circuit T2; in

series with it, through trigger bead Kn, is cut in the circuit

of timing coils of shift registers and resistance R8. From this
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resistance, positivE voltage pulses are taken off for blocking the

transistor key circuit on triode T . The key controls the discharge

circuit of the capacitances shift register.

The trigger voltage, taken off divider R9R10 , connected

parallelto the energy source, is conveyed through limiting resistance

R11 to the base of triode T . The blocking impulses from resistance

R8 arrive, through dividing capacitance C6, at the middle point of

divider R9R10 , The discharge circuit of the memory - capacity of

the two registers is connected to the circuit of collector T3.

To first register, consisting of eight ferrite-diode cells

(cores 2-9, diodes D11 - D26 ), is meant for the frequency division

of timing impulses with division coefficient equal to two, four and

eight. The link circuits of registers, with congruence circuit of

"I" type, are used at the output as frequency dividers; they are

distinguished by the high stability of the coefficient of frequency

division within a wide range of frequencies and temperatures. The

second register, consisting of three ferrite-diode cells (cores

10-12, diodes D27 - D32) , has the constant division doefficibnt three.

The timing coils of both the shift registers are connected in

series and cut in into the collector circuit of the blocking-generator.

The trigger bead Kn is used for changeover of the ends of

timing coils in ferrite ring transformers 2 and 10; with the pressing

of the bead the direction of the current in coils changes.

The pulses with a preset coefficient of frequency division

are taken off various points of the ferrite-diode frequency divider.

The beginning of core 2 primiry coil connects thru diode D11 with

collecting contact of Pla plate of changeover switch P1 operating
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frequencies. Contacts 2-5 of this plate are connected with capacitances

C25, C27 and C31 of the first register; contacts 4 and 5 are cut in

parallel. Thus, on contact 2 of plate Pla the frequency of the impulse

sequence is 3906 cps, On contact 3 - 1953 cps and on contacts 4,5 -

- 976.4 cps.

Impulses from the output of the first shift register arrive

through divider R48R46 at the base of transistor T13 of the congruence

circuit (circuit "I"). The output impulses of the second shift

register with frequency sequence 2604 cps, taken off capacitance C34 ,

arrive through divider R4 4 R4 5 at the base of the congruence circuit

on second triode T1 2 .

The congruence circuit consists of two triodes - T12 and T13'

connected in series. The emitter of triode T12 is grounded, the

collector is connected with emitter of T13, into the collector circuit

of which the load resistance R47 for both the transistors is cut in.

The output impulses of positive polarity are taken off this :esistance.

Collector T12 (emitter T13) connects to contacts 1-4 on plate Ply of

the frequency changeover switch; the collecting contact of this plate

is grounded. Thus, in positions 1-4 triod T12 is shunted, and the

congruence circuit becomes a key, operating as a phase invertor; in

position 5 of the frequency changeover switch cuts in logical circuit,

which assures obtaining, at the output, of impulses with frequency

sequence 7812: (8 x 3) = 325.5 cps. From the output of the congruence

circuit, the signal arrives at the parallel connected contacts 2-5

of plate P16. From the collector contact of plate P16 through

capacitor C7 voltage pulses with frequencies 7812; '906; 1953; 976.4
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and 325.5 cps are fed into the input of emitter follower T . From

emitter load R14 through dividing capacitor C8 pulse voltage enters

into the input of amplifier-limiter T5.

The output of rectangular impulses of negative polarity, taken

off collector load R1 6 of amplifier-limiter, are converted by means of

differentiating circuit C R17 into bipolar acute impulses. The

negative impulses are shunted by diode D , and the positive, taken
C

offLpotentiometer R1 7 , are fed to the first trigger through dividing

capacitor C10'

The first trigger is made up according to push-pull circuit

on transistors T6 and T7 with simultaneous triggering to both the

bases. Output tensions of rectangular shape are taken off resistances

of collector loads R19 and R24 with a reciprocal shift in phase at

1800. The trigger operates in the method of frequency division with

division coefficient n = 2, and, in this way, antiphase impulses are

obtained at the output with frequencies 3906; 1953; 488.2 and 162.25

cps.

Cut in parallel to loads R19 and R24 are differentiating

circuits CllR18 and C16R27 from which acute triggering impulses are

taken off to the second and third triggers for obtaining quadrature

voltage. Impulses of both polarities, taken off the differentiating

circuit C16R2 7 , are fed to the second trigger (T8 and T9 ) through

capacitor C17. Diodes D7 and D8 , implementing the functions of

transitory capacitances, transmit only positive triggering impulses

to bases of triodes T8 and T9 . From the collector load R28 the take

off is of rectangular impulses with a frequency half that of the

triggering impulses.



-196-

The third trigger operates in the same way, but its triggering

impulses are shifted in phase in relation to triggering impulses of

the second trigger at 1800. The output of rectangular impulses of

the third trigger is shifted in relation to the corresponding output

impulses at 900 due to division of frequency by coefficient two. In

this way the quadrature of the output tensions is assured. From the

output of the second trigger, tensions of working frequencies 1953;

976.5; 244.1 and 81.13 cps are conveyed to emitter follower T14 , and

from the output of the third trigger - to emitter follower T15. Both

the emitter repeaters are assembled in circuit with transformer output.

The sedondary coils of transformers are grounded at one end, the other

ends are cut in to output terminals U1 and U2. The intensity of the

output voltage is controlled by voltmeter, executed according to a

bridge circuit; its dial scale is graduated in amplitudes of

rectangular voltage.

C, R C2  R

R2  T,13A R8 T3 17202 T4 2o TP4  20

R1 T l IT .R AR
fl 13A R 1 f 2 0 2 R8 Ll +Bxod

Fig.72

The master oscillator is energized from stabilized transistor

rectifier. The alternate current from the secondary coil (3-4) of

the power transformer Tp3 is rectified by a bridge circuit D36 - D39

and arrives at the input of the stabilizer. The intensity of recti-

fied current composes 24 v. The stabilizer consists of adjustable
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triode T19 , adjusting triode T16 and composite emitter follower

T 17 T18. The current obtained at the output of the stabilizer is

18 v. By means of tumbler Bk3 the oscillator's circuit could be

cut off from the rectifier; the oscillator could be energized from the

external source of direct current (battery of plane energy supply

network, etc.).

The transistor power amplifier (Fig.72) is a three-stage trans-

forming two-cycle amplifier, estimated to operate from the power supply

network of helicopter of plane, or from an individual battery.

The input signal of any shape, harmonic or.rectangular, is ini-

tially supplied to the adjustment potentiometer of amplification coeffi-

cient R1 , and then to the primary coil of input transformer Tpl. The

inverted signal from the secondary coil is fed to bases of the first

two-cycle amplifier (T1, T2 ). To attenuate coupling on the supply

circuit, the bias circuit to bases T1 and T2 has a filter R4Cl , and

the collector circuit - filter R6,C2. The second amplification

stage, made on transistors T T4 of P202 type, assures the obtaining

of power, required for the excitation of output power amplifier on

triodes T4,T5 of P209 type.

The total base and collector currents of the output stage are

controlled by ammeters A1 (dial scale 0-1 a) and A2 ( dial scale 0-20 a).

The filters in collector circuits R9 C5 (subterminal stage) and R10C7

(terminal stage) are meant for protecting the stages from self-

excitation on high frequencies.

The secondary coil of output trandSimer Tp4 is sectioned and

has outlets. By means of changeover switch P, the load is coordinated
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with the output stage. Alternate current voltmeter V permits controlling

the output voltage of the amplifier. The voltage of negative feedback

is taken off from a separate c'l of output transformer Tp4 and, through
13,

bridge phase invertor R11C9R12 is fed into emitter circuit of the

first stage. The current phase of feedback is varied by alternate

resistance R13 , and its intensity lead into the first stage - by

potentiometer R5.

7. Magnetic field Exciter in AERI-2 Apparatus.

In the AERI-2 apparatus, the primary magnetic field on two

frequencies is built up by the oscillating frame tuned in resonance to

the operating frequencies. The oscillating frame, in its turn, is

energized by audio-frequency currents, generated by a two-channel

generating unit, which, as has been mentioned, consists of a two-

channel master oscillator and two separate power amplifiers.

The oscillating frame, with the elements of its tuning into

resonance and dividing filters for simultaneous operation on two

different operating frequencies, is one of those main part elements

of the apparatus which determine the efficiency of geophysical

surveyon two frequencies (22). Let us take the elements of the

primary magnetic field exciter.

Oscillating Frame: At any combination of operating frequencies

the oscillating frame must provide maximum possible magnetic moment

mf = IwS, where I - current within the frame, a; 0- number of turns

2in the frame; S - frame area, m.
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In view of the necessity to ensure normal production and safe

flight of the IL-14 phane, theperimeter dimensions and 
diameter of

the oscillating frame band were determined unambiguously. There-

fore, with the chosen type of cable and its cross-section the 
number

of turns in the frame will also be definite. Actually, the frame

area consists of 88 m 2; with the use, for instance, of MCSL or BPVL

cable with section 4 mm
2 the frame may consist of 20 turns.

Thus, the obtaining of maximum possible moment of frame at

the preset power of the generating unit is practically reduced to

assuring maximum possible current in its turns. This could be

obtained by tuning the frame into resonance on each operating fre-

quency and optimum congruence between the output of the power

amplifier and the frame's input resistance.

For the simultaneous operation of the apparatus on two

frequencies, the frame should be energised by two frequency currents.

Simultaneous power amplification of two operating frequencies in one

power amplifier is not feasible due to low efficiency of such an

arrangement and the impossibility of tuning the frame into resonance

on both the frequencies simultaneously. Energizing of the frame by

two power amplifiers with different operating frequencies, without

special dividing filters, is also unacceptable due to the impossibility

of tuning the frame into resonance on these frequencies. In this

connection, due to insufficient value of the frame's magnetic moment,

when the sections of oscillating frame are united into one band, the

coupling coefficient between them rises practically to one. Moreover,

there is a possibility of overvoltage in the output stages of the

power amplifiers, which will affect the reliable operation of the
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apparatus. In these conditions, it would be more expedient to apply

dividing filters, cut in to the outputs of power amplifiers and tunable

to the working frequencies of adjacent channel. There are two possible

ways of connecting the oscillating frame with dividing filters to 
the

outputs of power-amplifiers. To reduce the power loss, dividing filters

should have the least possible number of reactive elements and

maximum possible quality.

Fig.73 shows the circuit of oscillating frame with all its

turns used for both the power amplifiers; in Fig.74 the oscillating

frame is divided into two sections, each of which is cut in to its

own amplifier .

Key to Figur 73) 1 a C Kyto FiwUfe4
a, Filter / .Mp 0p a, Sectio

fl; al b, Section II;
fl;' mw c, Filter f2

b, Filter' b_41 c Filter f 2

f2. / u b p b E2  d, Filter fl.
4 icemuw d

f,, 2  
E1  

2wibc p

Fig.73 Fig.74

In the AERI-2 apparatus, due to purely practical reasons, the

application is of the second connecting circuit of the oscillating 
frame.

It is desirable for the apparatus to have on every operating frequency

similar equivalent response, determinable ( on a given frequency) by

the product of the oscillating frame magnetic moment by field detector

response. Therefore, when choosing the number of turns in sections,

it was taken into account that the lowfreqeuency channel of the

generating unit assures the highest value of magnetic moment, since
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the field detectors at these frequencies have the least response.

The following is the optimum number of turns determined by tests:

section I (low frequency channel) -11, section II (high frequency channel)

- 9 turns.

TABLE - 3

Frequency Current Koment

cps a a - t'm2

I 243 19 18000

487 16 15000

974 12 11600

974 15 11800

II 1949 9 7000

3898 6 4500
- ----- -----------

Iagnetic moment values obtainable in sections, tuned to

resonance, of the oscillating frame at certain competence of output

amplifiers and quite safe in bespect of the dielectric strength 
of the

cable's insulation currents on its sections (300-350v), are shown in

Table-3.

Assuming that the section of the frame is a flat reel of rectangular

section, the cross-section dimensions of which are negligible in

comparison to the side of its middle turn, inductance of eadh section

could be determined from the following terms (83, 84).

2b c n (c + b2 + c -
/au 2 (b + c) [ln

L= _ a+r b+c

b In (b + V2 ) + 2 + - + 0.447 + VI.4
b+ . b+ c c447
bwhere a and r - cross-section dimensions of the section, a = rc

here a and r - cross-section dimensions of the section, a = rad20 mm;
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b and c - dimensions of the middle turn sides, b = 8 m, c = 11 m;

w - number of turns in the section.

Thus, for the section composed of 11 turns, we get L1 =; 5.7

millihenry, and for section composed of 9 turns, L9  3.8 millihenry.

This estimate holds good for a case, when the frame is removed from

the vicinity of considerable metal masses. Inductance of a frame,

set up on a plane, is somewhat lower, due to the effect of the plane's

metal mass, and is determinable by tests. The dependence of natural

inductance on frequency in this case is hardly perceptible, as the difference

in the ratio of high and low frequencies is insignificant.

Length of frame section's wire

111 = (2a + 2b))1 420 M; 19 = (2a + 2b)e)2 4345 M.

Ohmic resistances of each section will be respectively

r = 11 1.85 ON; r -l.51 OM.
akll st ak9  8

where s - wire section, mm2; - sp. conductance of the wire's material,

mho.

The total active resistance of each section of the frame is

composed of bhmic resistance of copper and the resistance of the metal

mass of plane (the latter depends on frequency):

r =r +r. ; r =r
totll ac in tot ac + r.

11 11  11 9 9 n9

Parameters characterising the oscillating frame, set up on the

plane, are obtained experimentally (Table 4).
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TABLE -4

Section Frequency r *r. r L
ac in tot

C* ps ohm ohm ohm m-h

I 243 1.8 1.3 3.1 4.85

487 1.8 1.8 3.6 4.85

974 1.8 3.0 4.8 4.80

974 1.4 2.4 3.8 3.15

1949 1.4 5.7 7.1 3.10

3898 1.4 33 34 3.05

Dividing filters and elements of the Oscillating Frame
Tuning into Resonance:

The dividing filter of one channel in the gener.t"ing unit

is a parallel LC-resonance circuit (filter-plug), tuned to the operating

frequency of the adjacent channel and cut in series into the circuit

between the output of the terminal amplifier and the section of the

oscillating frame. A filter of this type has a considerable resis-

tance for a resonance frequency of the adjacent channel and fairly

low for a working frequency of the same channel, differing from-the

frequency o he adjacent channel not less-than twice.

, d d Output of enerafr
Key-to Figure 75: a -- , Otu of . e

ei e_:pao~ o . xoa device in low-frequency
a, Generator paa (J2 L2 epmop channel;

antenna; a -2rbcmrno I ,Outputantenna; •_ | C2 -- bcm le, Output of generator
b, Section I; L, cj  , I -device in high-

e pc, Section II;,a -frequency channel

a' b' Bxodc, b' 2ene omop o I
,, -i cgmnPOUCMO a

c I

Fig.75
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Fig.75 shows a simplified diagram of the 
connection of oscilla-

ting frame sections to filters of the two-channel 
generating unit. In

low frequency channel, the filter should provide a relatively high

resistance between points a and b for the operating frequency 
of HF

channel. The choice of optimum filter parameters was based on certain

relationships in the parallel circuit (56, 83).

The equivalent resonance resistance of the filter could be

shown by the following parameters of the circuit.

Z = Qrho. (vI.5)
e.r

Here Q = rho quality coefficient of the circuit, where r and rho

- active and characteristic resistances of circuit respectively, rho = .

The best filtering property has a circuit with maximum possible

Q-coefficient and characteristic resistivity.

For the operating frequency of its own channel, the equivalent

resistivity of HF filter is inductive. In order to reduce active losses

in copper, the equivalent inductivity of filter should be considerably

lower than the self-inductance of the LF sedtion of the oscillating

frame, i.e. Le.f. L1

Ignoring the active losses in filter, we determine from khown

relations in parallel and series circuits the equivalent resistance

of the filter, tuned to frequency of HF channel, for operating frequency of

LF channel with an estimate, that L 2 2 1
22 W2

2

(*) Equivalent inductance of filter is the inductance, which it has

are resonance circuit for untuned frequency.
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2 =
1 (vI.6)1-
2

The equivalent resistance of the separating filter, cut in

into LF channel, has for frequency C31 inductive nature, i.e. Z ef. Le.f.

Therefore, it is possible to assume , that

CWL2 a j 1L )
J 32

1- 1
z2

Then (.7)

2
L)( -= )22L31 - (9V

11-
02

2

1
C = + Lp) (vI.8)

1

In HF channel resistivity of filter, tuned to frequency of LF

channel, has the nature of capacitance for the operating frequency.

By similar reasoning and taking into account that for filter of

HF channel, tuned to frequency of LF channel, Ze.f - X C  , we find
e.f.

that
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63 2 _ 63 2

C. , 2 1 (VI.10)
L .2 Ca 2
2 1 2

' 1 C 1 (vI.11)
2 6)2 L 2L

1 2 2 1

when

1 C3 6

In the determination of the required capacitance of capacitor

Ctun there may be three cases: Ce.f /C1; Ce.f = C1 ; Ce.f C1 . When

Ce.f  C 1 and Ce.f = C1 , it is impossible to assure the required ca-

pacitance.of the condenser for tuning of HF section of the oscillating

frame ( one of the capacitance of condensers connected in series is less

than that required for tuning of the frame's section). The condition

is more acceptable, when Ce.f> C1 . In this case the capacitance C1 is

close to Ctun and will have a sufficiently high resistance for the

frequency of the adjacent channel. At Ctun. = Ce. f the imposed

conditions are not satisfied, since here the required inductance of

choke is quite high and its active resistance may also be high.

Experiments on the determination of optimum values of choke

inductance in filters L2 and L2 with the object of obtaining maximum

possible Q-daefficients of filters on the preset ,operating frequencies

with calculated currents in oscillating frame sections have shown that

the most suitable chokes are those with inductance L2 1.1 and L2 F o6.0

millihenry. It is assumed that the inductance value of filter choke

remains invariable on all the operating frequencies of the given

channel, and the tuning of filter is implemented by connecting the
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condenser of the required capacitance.

Due to specificity of the output arrangement in the ALRI-2

devices (considerable currents in sections of the oscillating frame,

comparatively low operating frequencies, etc.) it was impossible to

assure high Q-coefficient of filters in actual working conditions. The

Q-coefficient of filters for high frequencies is not over 8-10, for

low: 5-6. The active resistance of filters on resonance-frequency

is slightly more than the active resistance of the whole track

circuit.

Table- 5.

--

Combination of frequencies, cps. I

Parameter 243-974 243-1949 243-3898 487-1949 487-3898 974-3898

L 1.17 1.12 1.1 1.17 1.12 1.17

6.77 13.5 27.0 13.5 27.0 27.0

C1' M. F 62.5 62.5 62.5 15*5 15.5 3.9

C2 ,MF 24.3 6.06 1.52 6.06 1.52 1.52

Table 5 gives the results of calculations on deduced formulas of

the main parameters of filter, capacitance of condensers for the tuning,

of filter and LF section of the frame.

According to the data of this table, it f6llows that the

implementation of condition (L = 4.86 millihenries) is

practically impossible, #p'cially on frequency 243 cps.

If it is assumed that on high resonance frequendy (3898 cps) the

Q-coefficient of filter = 10, its equivalent resonance resistance will
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be 270 ohm and on frequency 974 cps ( Q =g8) - 54 ohm. These values

exceed several times the total resistances of the HF section of the

oscillating frame ( see Table 4), therefore the filter's action in

the LF section of the oscillating frame may be taken as sufficiently

effective.

TABLE - 6

Combination of frequeicies, cps.
Parameters

974-243 1949-243 3898-243 1949-487 3898-487 3898-974

Mf
Ce.f ,  67 70.3 71.4 16.6 17.53 4.16

C2, 71 71 71 17.8 17.8 4.46

rho, ohm 9.2 9.2 9.2 18.4 18.4 36.6

S1,  7.83 1.8 0.45 1.9 0.45 0.4

Nf
C ' 7.0 1.75 0.44 1.75 0.44 0.44

Table 6 gives the results of calculation of the main parameters of

filter, capacitance value of capacitors for the tuning of filter and HF

section of the oscillating frame into resonance.

According to the data of this table, the condition of tuning HF

section of oscillating frame Ce.f> C1 is generally maintained.

The equivalent resonance resistance due to low Q-coefficient

of filter in this channel is considerably lower than in LF channel (for

frequency 243 cps at .-4 it is 37 ohm, and the total resistance of LF

section on this frequency - 3.1 ohm) and the efficiency of filter is

slightly lower.
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Doe to the fact that the metal mass of plane changes the

inductance of the oscillating frame sections, filter parameters and

tuning capacitances of these sections may vary from the calculated

ones in actual conditions, i.e., on the plane. Experience has shown

that, in relation to operating frequencies, these variations comprise 10-

15%, therefore, the final tuning of filters and matching of capacitances

for the resonance tuning of the frame sections should be carried out

directly on the plane during a flight with an operating generating unit.

Sections of the oscillating frame with separating filters have

various input resistance in relation to operating frequencies. Coordi-

nation of outputs in terminal amplifiers with variable load is effected

in these amplifiers by means of output transformers with sectional

secondary coils. Depending on total resistances in sections of the

oscillating frame, the sectional transformer should assure the possibi-

lity of varying output resistance from 5 to 60 ohm (within 5-10 ohm

every 1 ohm, within 10-60 ohm - every 10 ohm).

The intensity of currents within the frame sections, during

operation of the generating unit, are controlled by means of selective

circuit, which eliminates the effect of the current of adjacent channel

on the reading of measuring instruments in the operating channel, and

alsb protects these instruments from outside noise and sighting.

The source of voltage for the current measuring set is the

voltage drop on resistance,connected in series into the general circuit

of the oscillating frame. The choice of the value of this resistance

is determinable by minimum power loss on it, and with low currents -

such drop in voltage intensity, which is several times the level of

noises and sightings, affect the oscillating frame.
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In the AERI-2 apparatus, it is assumed that resistance is 0.05

ohm. The nominal competence of resistance, determinable by the maximum

current in the LF section, should be not less than 20 watts. Comparing

power, dispersable by this resistance and the output power of amplifier

on low-frequency, it is possible to conclude that the loss on resistance

is about 2% (this holds good for all the other operating frequencies

also). From this resistance, currents of two operating frequencies

are fed to the input of the selective circuit, where filtering and

distribution of operating signals of frequencies on measuring channels

and bringing up of their level to values adequate for normal operation

of direct reading devices ( current measuring set) are affected.

Besides, compensation voltage, required for the set of-measuring

apparatus, is taken off the resistance. This voltage reflects the

current phase in the oscillating frame.

Fig.76 shows line diagram of the coordinating block in the

generating set of the ARI-2, containing control nodes of current in

sections of the oscillating frame, separating filters and elements of

tuning frame sections into resonance.

From resistance R1 , cut in to the middle wire of the oscillating

frame, voltages, proportional to currents in the sections, are fed to

inputs of channels I and II of selective amplifiers, implemented on cir-

cuit of cathode follower ( the right hand half of tube L3 for channel

I, left half of tube L4 - for channel II). The connection between the

input stage and the stage of amplification is through general cathode

resistance R1 4 (R 2 0 ). The selective properties of amplifiers are

assured by the cut in into circuit of the negative feedback of double
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T-shaped RC-filters for each operating frequency of the channels (25, 229).

Stage amplification on operating frequency is 20. Band width is

controlled by variable resistance R10(R25). RC-filters for operating

frequencies are cut in by means of relay P1-P 3 (LF channel) or P4 - P 6

(HF channel).

To eliminate shunting of RC-filters by load, outputs of

selective amplifiers of channels I and II are cut in to the current

measuring set through cathode followers L . The current measuring set

is assembled on bridge circuit on diodes D2B. Applied as current

indicators are magnet-electric devices Y-24 with dial scales 15 and 25 a.

The selective amplifiers are energized from the full-wave

rectifier (Tpl, Dp3, C2 9, C3 0). It is also possible to take off

compensation voltage for the measuring set from the outputs of selective

amplifiers. Potentiometers R5 and R6 control the intensity of this

voltage. By means of switch Bk6 , compensation voltage for the measuring

set could be taken either from resistance R17 (signals of two operating

frequencies), or from the outputs of selective amplifiers (signals

directly of each of the working frequencies). By means of switch Bk5,

compensation voltage of the operating frequency could be fed into

any chan~el of the measuring set.

Fig.76 shows elements of the separating filters in sections of

the oscillating frame (choke DP1, capacitors C 1 - C2 of channel I; choke

DP2 , capacitors C21 - C23 of channel II), commutators Ply and P2v, and

also capacitors of the frame section tuning into resonance (C5 - C7 of

channel I and C24 - C26 of channel II) with commutators Flb and P2b'

Voltmeter V for 500v cont:'cls the voltage in sections of the oscillating

frame.
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CHAPTER - VII

CONSTRUCTION PRINCIPLES OF MAGNETIC FIELD

DETECTORS.

1. Brief Information Regarding Demands made on Magnetic

Field Detectors.

As the magnetic field detectors in aerial electric prospecting,

the application of multiturn inductance coils (frames), operating on the

principle of electromagnetic induction (103, 154) is widespread. The

output e.m.f. of detectors of this type is determined by the variation

velocity of magnetic field H, i.e., it is proportional to the field's

frequency.

With reduced frequency, the sensitivity of the magnetic field

detector decreases. To inctease the sensitivity, it is necessary to

increase dimensions and the number of turns in the inductance coil.

However, in the apparatus of aerial electric prospecting the overall

size and weight of the field detectors is restricted, which hampers

measuring of the fields on low frequencies. In such frequency bands

the magnetic modulation transducers (16) are more applicable.

To obtain the preset response, specially on low frequencies, the

inductance coil of field detectors in airborne electric prospecting

apparatus are made with ferrite cores, and tuned into the operating

frequency (123, 125).
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To overall size of the field detectors is restricted, primarily

by the dimension of the outboard gondola, in which they are set up, and

also by the dimensions of vibroprotedtive system. If the field detector

is placed on the external part of air-craft, for instance, on the tail

beam of a helicopter, the restrictions are even more rigid, since in

this the weight of the field detector plays a big part (when detectors are

placed in the middle part of the tail beam, its weight should not be over

15 kg (89). With simultaneous survey on two frequencies, the necessity

of spreading out the two detectors arises so as to exclude their reciprocal

effect.

At the same time, the amplitude and phase-frequency characteris-

tics of field coefficients, measured in a wide range of external conditions,

should vary insignificantly. Thus, phase errors with changes in the

temperature of the surrounding medium by 10 degr. (within temperature

range - 20 - + 400C) should not exceed 1 degr. (electrical) for most

methods, and the amplitude efror (%) for the same temperature range

should not exceed the given error in the measuring range of the amplitude

or component register.

It should be mentioned that the external operating conditions of

magnetic field detectors are also unfavorable and differ appreciably from

the operating conditions of other units of the apparatus, placed invariably

within the cabin of the aircraft. Usually the field detectors are either

in the outboard gondola, or on the external parts of the aircraft, i.e,,

where the air humidity is upto 98%, and with the landing and take-off

the gondola is subject to considerable vibrations, shock loads, etc.
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Besides,the requirements of the overall size of magnetic field

detectors, there are also demands for their shielding. In the field

detector the e.m.f. could be induced by the magnetic as well as electric

field. Since in aerial electric prospecting the field detector is meant

for transforming into e.m.f. the tensions of the magnetic field, only it

must be protected, specially in the case of a highly sensitive apparatus,

from the effect of interferences in the electric field by means of electro-

static shield. The latter is so made that the eddy currents emerging in

it, under the effect of the measurable magnetic field, would be minimum.

Therefore, the shield should be made of open narrow metallic strips or wire

(either copper or aluminium).

With the presence, on the clamps of the frame, of unable tensions

of insignificant level, special significance is acquired by the method of

connecting the electrostatic shield with the rest of the shielding system,

presence of uncovered, i.e. unshielded, sections in the input circuit,

asymmetry of input circuit, etc. Each factor individually may not have an

appreciable significance, but, taken as a whole, they may build up

capacitive tracks for the penetration of noise and operating signal, which

is undesirable due to increasing error in measuring, specially on the

most sensitive limit of measuring. Also essential is the balancing of the

input circuit. In this case, as we know, the electrical fields build up

on the input terminals of the preliminary symmetric amplifier, cophasal

potential, which are subtracted in its input stages.

Thus, the general system of shielding should be such that the

currents in the screen, built up by the electric fields, will not affect,

while flowing along it, circuit sections of the measuring unit, and specially

the input currents of the measuring amplifier, or such as would provide
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electric balancing.

It is this combination of factors that determines the unique

approach to the planning of magnetic field detectors in conditions of

aerial electric prospecting.

2. Electric Parameters of Magnetic Field Induction Detectors.

For the multiturn inductance coil, the input intensity is the

current of Vector cFelectromagnetic induction B, passing thru its turns

w (Fig.77):

E =-0 (i-1).dt

where E - electromotive force.

It is denoted in Fig.77: d - core diameter; 1 - core length;

D - diameter of the middle turn of coil; 1 - width of winding; m -cp w

thickness of winding,

Usually the coils are wound on the core symmetrically. Assuming

that the axis of the core coincides with the direction of vector B and

taking into account that

(>= BS =/ cS -H,

from the term (VII-1) we get

E = jocL 3USe Hme-jWt. (VII-2)

where/uc - magnetic permeability of the body of cores; S- - equivalent

area of the coil's cross-section;G- circular frequency; H tension

amplitude of magnetic field.

Thus the amplitude of e.m.f., excited in the multiturn inductance

coil by harmonic magnetic field, will be
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E = LUc S H (vII-3).
m c m

Constant C =/u,6OSedetermines the main constructive and electrical

parameters of this field detector. However, to use directly (VII.3) is

practically impossible, since the parameters of coil and core are shown

in it in concealed form. In this connection, when constructing magnetic

field detectors, the electrical and constructive parameters of inductance

coils should be determined by calculations in accordance with the

recommendations for planning coils with core (154, 155, 288,), taking

into account the above requirements.

The permeability of corex ndepends on the properties of material

and the ratio of core's length to the area of its cross-section. The

constant of magnetic field detector Cf is affected byju. In the multitura.

inductance coils, it depends to a considerable extent on the area ratio

of coil and core. For magnetic field detectors with OD of the inductance

coil similar to the diameter of core, it may be assumed that the magnetic

flux, which pierces them, is equal to the flux in the core, due to which

the section area of the coil should be approximately equal to the section

area of the core (154, 155). But if the diameter of the coil'is more

Jthan many times that of the core, it is necessary while calculating to

take into account the magnetic flux adjacent to the core. For multi:ylayer

inductance coils, placed in the center of the core, vairation of the active

area of the coil is estimated by factor Ep -

On the output side, the inductance coil is the source of e.m.f.,

the load of which in aerial electric prospecting is usually the input

resistance of the preliminary amplifier. In coordinating the e.m.f.

source with the load, it is necessary to know its inner resistance.

Therefore, in determining the sensitivity of the magnetic field detector,
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estimation should be made first of inductance L,,active resistance r and

fundamental capacitance C of the inductance coil with core.o

Fig.77

The inductance of multiturn inductance coil with core is proportional

to the square of the number of turns:

Lk = KL 2 

(VII-4

where KL - factor related to.t geometrical dimensions of the

coil, type of winding, parameters of core and coil position on the core.

The inductance of field detector of this type could also be

determined from the inductance of coil without the core Loand the effective

permeability of the coil's core iK. In this case the inductance Lois cal-

culated formula (228).

Lo =W 2dk . 10 - 9 , H (VII.5)

where dk- diameter of coil, cm;4. - constant, the value of which depends

on the ratio of the coil's diameter to its length.

Therefore,

Lk = " 2 dkc/u k . 10, H. (VII-6).

Induotance L of the multi layer coil is shown, in its turn, with

high accuracy in terms of relationship (84):
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Lo =FW 2  (VII.7)

where the coefficient F is determined from the ratio (39)

F=d 2  1 1 K
12 m2 xy'1 m

in which m - thickness of coil;

K r2 (1 + y) 2 x2 y2

xy 1+ x
x + 1.45y + O,45 +- . 1 + y . 1 y

2
l+y

In this case
d m

More approximate formulas for calculating Loare given in the lit-

erature (49, 116, 154, 182, 194).

The active resistance of coil with core includes the sum of

resistances:

r = r M = rD + r c .  (VII.8)

where rM - resistance of the coil's copper; rD - resistance equivalent to die-

lectric loss in the coil; rc - resistance equivalent to magnetic loss in the core.

The resistance of copper is determined in this way:
D

rM = 4PW CP (VII9)

where p - resistivity, ohm.m; dM - diameter of wire, m; Dcp - average

diameter of coil, m.

The quantity rD is calculated on the basis of the following condition.

Dielectric losses have effect equivalent to the addition in series with coil

inductance of some resistance, determinable by the following formula (194):

r D  = t Co L2 C, 0M. (VII.10)
-1

Here (0- angular frequency, sec-1 ; L - true inductance of coil, H-

C - distributed capacitance, C,; ;T= tgS, where 6 - angle of loss.

Thus, loss resistance rD depends on the construction of coil, signal

frequency and the quality of insulation material. In calculations of resis-

tance r introduction is frequently made of the correction coefficient KD -

For a multilayer coil without core, it is possible to apply with frequencies
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of aerial electric prospecting rD- (1.2 - 1.3) rM.

Magnetic losses rc of inductance coil with ferrite core couldc

be estimated in relation to frequency according to the recommendations

and methods given in work (228). However, an estimate of this type is

considerably complicated and, in practice, usually the test data are

used. Therefore, the quantity r is also most frequently determined

by experiments. For instance, active resistance r could be determined e

experimentally from the reading of tube voltmeter with high input

esistance, considerably exceeding the equivalent resistance of the

circuit, which, in its turn, is primarily tuned to operating frequency

Coof apparatus.

By measuring in hand 26f ( at level 0.707) the signal value in

the circuit, the Q-daefficient of the circuit is determined from formula

Q fof (VII.11)

With the known inductance of coil L ( or resonance capacity Co),

calculations of the active resistance of the coil are made:

1 2 7rfoLkr = r M + r 0 + - 2TQfC = Q (VII.12)
oo

In the estimation of the magnetic field detector, made

in the form of a multiturn coil with core, it is important to know the capa-

city of the winding distributed between turns, as otherwise it is impossible to

resolve the question regarding the frequency range of the detector and

to determine at what conditions it operates at the input of the measuring

devices.

The capacity of the winding distributed between the turns of

the winding is usually replaced by the equivalent concentrated capacity

Ck, connected parallel to the coil. This capacity is often called
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capacitance of the coil. It should always be less than the resonance

capacitance on high operating frequency of the field detector. In

this case, the tuning of the detector is assured to the given operating

frequencies by the commutation of external additional capacitances.

The intensity of the capacitance C depends mainly on the length

of the widding, the pitch ratio of the winding to the diameter of the

wire, the composition of boucherizing, the diameter of the coil and the

material of its frame.

In many layered coils, the distributed capacity, which is built

up mainly due to capacitancesbetween the layers of the winding, could be

determined approximately by the following technique. If the coil is so

wound in the usual way, i.e., that the voltage at one edge of the addacent

layers is equal to the doubled voltage of one layer, and the potential

between the same layers on the other end of the coil is zero, the

equivalent distributed capacitance could be taken as connected parallel

to leads of the winding. Its value would be determined from the ratio (194).

C .8P= T , n (VII.13)
k.p dT

where P - circumference length of the middle turn, cm; 1 - axial length

of the coil, cm; d - distance between the copper of adjacent layers, cm;

T - number of layers; £ - mean dielectric constant of insulation between

layers.

The distributed capacitance of the coil decreases with division

of the winding into two and more sections. Each section should have as

many layers as the whole coil, but the number of turns in the section

layer should be less. In this case, the capacitance of each section is



-223-

determined from the indicated formula, and the capacitances of different

sections are taken as connected in series. In the sum total, the general

distributed capacitance of the coil is considerably lower than the

capacitances of individual sections. For instance, with two sections,

the aggregate distributed capacitance of the coil decreases four times.

However, in this case, the capacitance of the winding increases to

infinite value, which to a certain extent detracts from the coil's quality.

The composite relationship of the coil's natural capacitance Ck,

specially of the multilayer one, does not always permit the determining

of its value unambigously. Therefore, in the construction of magnetic

field detectors, the quantity Ck in the majority of cases has to be

determined experimentally. As the experiments show, for multi-layer coils

with a great number of turns-with close winding, this -capacitance varies

from a few tens to hundreds of micro-microfarads. If the core's material

has low conductance, say, for instance, like ferrite, the natural capaci-

tance of the coil is practically independent of the presence of the core

(155).

The calculation of capacitance Ck on the basis of experimental data

is derived from Tompson's formula (194):

1 4 2Lk (CBH - Ck). (VII.14)

where CBH - external supplementary capacitance.

The resonance frequencies of the coil are determined in practice

with several values of external supplementary capacitances CBH. Measurements

of this kind are usually carried out within the field of Helmholtz rings

on frequencies somewhat lower than the natural resonance frequency of the
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coil. If it is assumed thattwo measurements were carried out on two

frequencies - fl and f2, when f2 = 2fl, the naturalcapacity Ck could also

be determined from the following formula:

C' - 4-'
C = BH 4 C'BH (VII.15)
k 3

where C'BH - external supplementary capacitance at fl: C"B - external

supplementary capacitance at f2

3. Inductance of Multiturn Coil with Core;

The inductance of a coil with the core, as pointed out, could be

found from the virtual magnetic permeability of coil with core (having

previously determined from formula (VII.5) or in any other way the

inductance of the same coil without the core L ):

L = L (VII.16)
k /o o

whereuo ,- magnetic permeability of air, equal to 4 Jr. 10- 7 henry/m.

Permeability k , in its turn, depends on the permeability of core

1c' ratio of the length of winding 
1w and diameter of coil D to the length

1 and diameter of core d.

1

For a multiturn coil, provided I- > 0.2 ( in aerial electric

prospecting this condition is usually observed), value/uk is given in terms

of the following relationship (154):

1
2(0,25 + 0,623 - ) (VII.17)

/uk /U D 1

The magnetic permeability of core/uc in section 1 cah be determined,

if the initial magnetic permeability of the core's substance/ , ratio
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1and the length of the winding 1 are known. In multilayer coils the term

for uc with cylindericil core could be written as :

/c fcu 1 - o,255 ( 1 (VII.18)

where ,l c- magnetic permeability of the core's body in the central section.

For cylindrical cores, if > 10,

/I. (VII.19)
f5 4 In2 1-1

1+0, 765-- d
6 2(_L)

4. Quality and Sensitivity of Induction Magnetic Field Detectors.

It is a known fact that e.m.f., excited in receiving antenna, meant

for receiving the electrical component of variable magnetic field, is

proportional to the virtual height of this antenna hd and the tension of

electric field E in the direction of peak reception, i.e.

E = hE (VII.20)A.e a

For antenna made in the form of inductance coil,

h k , M. (VII.21)

where Sk - area of middle section of coil, m; X - wave length, m.

If the receiving antenna has a ferrite core, its virtual height

hd.c increases as much as the increment of efficient magnetic permeability

/uk:
27tto Skh. c  ukh = uk  , M. (VII.22)

where Zc - wave impedance of medium Zc. For the void (dielectric
chreZ H
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and air ) = = 120j = 377 ohm (18, 83).
H-

Due to rather small dimensions of the ferrite antenna , the

sensitivity is inadequate; therefore, the antenna is tuned to the working

frequency. In this case, its pick-up increases in accordance with the

increased quality Qk of the resonance circuit.
0

Having determined the active resistance of the coil with core r

from the term (VII.12) and inductanc eLk according to equation (VII.16),

the quality of the magnetic field detector is calculated from formula

COLk
Qk r (VII.24).

In the case of idle running, the sensitivity of coil with core

to the magnetic field is determined according to terms (VII.3) from

formula

s O  A, (VII.25)

If the field detector (ferrite antenna) is tuned into resonance

and is not loaded by the output resistance of the amplifying stage ( or

if this resistance exceeds considerably the resonance resistance of the

tuned circuit), its sensitivity to the tension of magnetic field H will be

determined from relationship

S = h Z (VII.26)

Substituting in equation (VII.26a) instead of h c and Qk theiro

values from formulas (VII.22) and (VII.24), and also taking into account

that Z = 120ir , we obtain (125).

240$r 2 Skuk k V
iiS 1= o 2 (VII.26-b)

In this case the P1value is determined from formula (VII.17).
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Due to the fact that on the output side, the inductance coil with

core is loaded into the input resistance of amplifier R, which for the

frequency range of aerial electric prospecting may be taken as purely active

(sometimes not even very high), the sensitivity of coil Sp should estimate

its shunting action. For inductance coil, tuned into parallel resonance,

the sensitivity is given in. terms of relationship (154).

/Uc6O 2ST RLk
S' = (VII.26-c).

P rR + W2 2

where O0 - angular resonance frequency; R - resistivity of load (input

resistance of amplifier).

5. Stability of Transmission Ratio in Magnetic Field Detectors.

For error determination of apparatus near the coil with core

tuned into resonance the interest is only for the lower nonturning region,

where the transmission ratio of the magnetic field detector and its

phase characteristic is affected to a considerable extent by the variation

of external conditions, specially by the temperature of the surrounding
we

medium. But whenLstipulate the use bf elements of the oscillating

input circuit in the planned apparatus the basis should be the admissible

phase and amplitude errors of the magnetic field detector.

as

The following could be referred tothe main factors determining

the stability of the pick-up in the field detector in the form of coil with

core tuned into resonance:

1) The temperature coefficient of magnetic permeability TK /u of

the core's material; 2) the temperature coefficient of concentrated

capacitance, by means of which the detector is tuned into the operating

frequency; 3) the input resistance of the amplifying stage, having

shunting effect on the output resistance of the magnetic field detector;
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4) parasitic capacitances of the coil's winding and 
connecting wires; 5)

resistance of the winding and connecting wires insulation.

Experience has shown that parameter stability 
of the magnetic

field detector is also affected by the change in humidity. Therefore, in

aerial electr&-prospecting it is necessary to apply air-tight high-quality

condensers. To protect the inductance coils and other details of the

detector from the effect of moisture it is expedient to apply various

tars and compounds.

Amplitude relations of the magnetic field detector are highly

affected by the non-stability in resistance of load R and loss resistance

r. On the other hand, phase relations are affected by the non-stability

of inductance Lk , resonance capacitance Cp.k , operating frequency COo.

If is mainly the non-stability of CAo that forces the application of

quartz crystal control of frequency fo in oscillators, exciting the

electromagnetic field. In this case, as we know, the phase instability

of the magnetic field detector becomes to a great extent dependent only on

the instability of capacitance Cp.k , on which more rigid demands are,

therefore, imposed; than on inductance Lk

For the magnetic field detector, assembled in the form of

multiturn coil with core, the known formulas of amplitude and phase.

instability for coils without the cors (154) hold good on the whole.

However, in determining inductance Lk vs. the magnetic permeability of

the core c, it is necessary to take into account the effect of the

variation of its parameters on the detector's characteristics. The

instability itself of inductance Lk in coils with core is shown by

relationhip
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Lk 1 A (VII.27)
Lk _ N

/Uo

where N - coefficient of demagnetization; XM - coefficient accounting for

relative variation of quantity a per l0C; A @ - temperature gradient, oC.

Coefficient of demagnetization N could be determined, according

to the recommendations given in (155), from the core replaced by an

equivalent ellipse of rotation, the demagnetization 
coefficient of which

has analytical expression.

The relative instability of the core's magnetic permeability

could, for practical purposes, be determined with sufficient accuracy

from the relation.

9/ue 1
c u 1 + N (VII.28)

As follows from the equation (VII.28), the greater the N, the

higher is the parameter stability of the magnetic field detector. This

actually means that the core should not be too long and too thin, sinc

the shorter it is and the greater its diameter, the higher will be the

value of N.

At the frequencies of aerial electro-prospecting the instability

of the core's material permeability is estimated mainly by coefficient C Xu

which determines the relative variation ofu per 1 oC. For ferrite cores,

which have found application in magnetic field detectors in aerial

electroprospecting apparatus, this factor usually is 3.50 10
-3

(*) Moreover, for cylindrical and prismatic cores with rectangular section

tables were given (97,178), in which the test values of N are given in function

1 , 1 , where S- area of the core's croos-section.
W V" *r
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The phase instability of the magnetic field detector, assembled

as inductance coil with core tuned into resonance, is determined at low

detuning from equation (154)

+ -icLL k 2 -0 ) pa6. (VII.29)
S-- .C + + 2 O

Substituting in equation (VII.29) known or found values Qk,

C L, Lk , 2 is determined to a sufficient accuracy of theC

quantity/tip.

6 Design and Construction of Magnetic Field Detectors.

Magnetic field detectors without core:- Receiving coils without

core could, in principle, have different shape. Most frequently applied

are the coils of rectangular and cylindrical shape. In the estimation of

these coils, besides the general aspects stated above, their natural

resonance frequency F should be taken as higher than their highest

operating frequency, i.e., for striving and reducing as far as possible,

the natural capacitance of the coils. At the same time, the f should bepc

such that the transmission coefficient K would have a low dependence on

the frequency within the range of operating frequencies of the field

detector. Its admissible variations, as a rule, should not exceed 10F,

To assure the highest possible sensitivity and quality, the number of

turns and the wire diameter of the receiving coil should be selected the

condition that the maximum possible section area at the preset overall

size is obtained.

The natural resonance frequency fpe of the receiving coil is

determined by the value of its natural distributed capacity. Therefore,

to assure condition fpc>fo2, where fo2 - highest operating frequency of
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the field detector, the natural capacitance of the inductance coil

should be negligible. With low value of this capacitance, the stability

of the parameter of the field detector also increases.

The distributed capacitance between the turns of the coil's

winding could be shown as concentrated and connected parallel to the

winding. In this case, the equivalent diagram of the coil's winding

will correspond to the one in Fig.78, where E - e.m.f., induced in the

coil; L - natural inductance of the coil; C - distributed (interloop)

capacitance; RL - active resistance of the coil; Uc - tension on terminals.

According to the equivalent diagram

c jeo C 1

oE = + 1 0 C ) + jLo RLC

RL + o jo
0

Getting rid of the imaginary number in the denominator, we get

Uc (1-~ 3 L ) - joOR C

E (1-L o C) 2 + (WRL C) 2

Modlus of this ratio

U 11 1 + C2L C
i ) oo (VII.30)

(1- OfL C )2 1 - (o2L C )2

Lo RL

Fig.78.
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since the condition 0 2 L 2C2 4 1 is always observed for the receiving

coils in the apparatus of aerial electric prospecting. The value

(6 2L C )2 in the denominator of formula (VII.30) could also be iggiored,

since in practice (CO2LoCo)2  1.

Therefore,

c G 1 + CO2 L C (VII.31)

Value C 2L C determines the e.m.f. loss in the coil. Denoting
0o

it as L , we get

S= c =W 2 L C (VII.32)
E 0oo

If it is assumed that the voltage at the terminals of the receiving

coil could differ from the e.m.f., induced in it by not more than 1% in

amplitude and 5' in phase, then in thick case Q = 0.01 and the admissible

distributed capacitance

- 2

co 10 (VII.33)
o 60 2 L

o

The phase shift in the receiving coil is determinable from formula

1 RLCp
c = - arctg 1 -W 2L0 0  arctgCO RLCo ( 1 +W2 Lco). (VII.34)

The constructional data of the round coil are determinable

from relation

C = C (vII.35)
o 4n2G Cc'

In formula (VII.35) n - number of layers in winding; G - number

of sections C,- natural capacitance of layer,
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0 . 0 8 8 5E Dlk (VII.36).
C = (AII.36).

Here - dielectric constant of the winding wire insulation; 1k -

the length of the circumference of the coil's loop, 1k = 2JTR = urDk; D -

width of the winding, D = w , where - the number of turnsn n

in the section; t - pitch of the winding; a- distance between the layers

of the winding.

Let us take an example of calculating the receiving coil of the

round section on the basis of ensuring its minimum distributed capacitance.

Preset: diameter of coil upto 50 cm; operating frequencies 75;

185; 475 and 925 cps; number of loops - not over 10 thous. with taps for

operating frequencies from 4.0.10 ; 1.5.103; 6.102 of loop; wire PEV 0.2

mm in dia.; winding pitch and distance between layers t =A = 0.4 mm.

The winding should be so constructed that the voltage, measurable at

its terminals, would be distinct from the e.m.f. induced in it by not

more than 1%. We take F = 5. G = 1.

The maximum allowed capacitance of the winding

3 ( n - 1 ) 0,0885 . 5 . .50
C =

o 2
4 )1 . 1

i.e. C = 100 -- . At f = 925 cps;tW= 600 loops; L = 0.75 henry;
o n 0

(2 = 3.4.107 1/sec 2 we have

-2 --2
C -2 - 102 - 400 )n4o 2L 3.4 . 107 . 0.75

This distributed capacitance corresponds to the coil, in which the

number of layers is



-234-

100o 100 . 600 12
n = C V 400

o

Therefore, the first section should have not less than 12 layers with

50 ( 600 ) loops in a layer.12

If f = 475 cps; w = 1500 loops; L = 4.5 henry; W = 9.10 1/sec2
0

-2
CC 1°-2 i250, n

S 9 10b 4,5 25 0

acM
50 b a"30 a1ers;

by68s layers;
2 oc, 50 turns;

. 30cnoe6 d, 125 turns,
a 2 3 4 5 6 71 ,cm
50 6 125 8m _o2

Fig .79

This distributed capacitance corresponds to the coil, in which the

number of layers is

/100 . 1500
n = 25 25.

Therefore, the second section should have not less than 25 layers with

60 (1500) loops in a layer. Since the second section includes also

the first, to simplify construction the 1500 loops could be arranged

in 30 layers, each layer having 50 loops, with unsoldering from the

12th layer, which corresponds to 600 loops.

When f = 185 cps;7 = 4000 loops; L = 32 henry; 602 = 13.5.105

1/sec2,

102 =230 no; n = 1 00. 4 31.
13 5 . 10 . 327
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i.e., a layer has 4000 = 129 loops.
31

This section should include 1500 loops of the preceding sections;

the remaining 2500 loops could be arranged in 20 layers with 125 loops in

a layer.

At f = 75 cps; = 10,000 loops; L = 200 henry, CO 2= 2.2 . 106

1/sec2 , we have

102 00 10
S10 - = 20 no ; n == 66
o- 2 . 100. 200 230

The number of loops in a layer is 150 (166 . This winding includes the

preceding sections, in which the number of loops in a layer for 1500 loops

should not exceed 50, for 2500 - 129 and for the remaining 6000 - 150.

Therefore, 8500 loops can be arranged by having 125 in a layer, with

unsoldering on the 20th layer for 2500 loops. Thus, we get a two-section

winding (Fig.79). To reduce the intraloop capacitance of the coil, the

second section can be divided into two or three parts, i.e., to make the

coil multisectional.

In the apparatus of aerial electro prospecting, the application

is sometimes of field detectors in the form of retangular "air" frames.

However, detectors of this kind have considerable overall size and it

is difficult to make them shock-absorbent. For instance, in apparatus

AERIS, the use was made initially of receiving frames, calculated for

assuring minimum natural capacitance. The irregularity of the

transmission coefficient of such '- a frame (untuned and having f p--12 k-

cps) in the frequency range 400 - 4000 cps, was less than 10%. The

receiving frame consisted of four sections, each 1000 x 200 x 77 mm

in size (Fig.80). The arrangement of the receiving frame in the outboard

gondola is shown in Fig.81. The main parameters of the frame, assembled
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of wire PEL 0.27 mm in diameter at f = 488 cps, are as follows: number

of loops in the section 200, active resistance of wire 350 ohm, inductance

0.78 henry, quality 6.33, sensitivity 0.63 m , virtual height 1.64.10-3m.

In tuning the frame to high frequencies the use was not of four

sections, but of two or three depending on the operating frequency.

I.

Fig.80

Fig.81

Field Detector in the Form of Coil with Ferrite Core. Multiturn

coils with ferrite cores have a big advantage over the usual "air" coils

(frames): small overall size and weight, insignificant sensitivity to

electric fields and comparatively high sensitivity to the magnetic ones,

possibility of constructing simple but reliable protection against vibration.

We assume that the field d~tector has to operate in a two-frequency

apparatus of induction method, within a certain frequency range, at preset
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magnetic moment of oscillating frame i. As usual in aerial induction

method, the product of moment ( m ) by sensivity S in preset frequency

range should be a constant quantity (125). Therefore, the e.m.f., induced

in field detector by primary field at reception point ( i.e. with lowering

of gondola to the whole operating length of wire-cable) should be the

same on all operating frequencies of the apparatus (mS = const).

We assume that mSI = 2.25.105, but for assuring simultaneous two-

frequency operation magnetic field detectors should have two coils: one,

operating on frequencies 244; 487 and 974 cps, and the other - on

frequencies 974; 1949 and 3898 cps. The magnetic moment of oscillating

frame on frequencies 244, 487, 974, 1949 and 3898 cps respectively will have

the following values (av.m2 ) : mi = 18.103; m2 = 15.10; m3 = 9.103

m4 = 4.5.103 m5 = 3.6.103. The initial magnetic permeability of the

core type(*) MT-4000 (MC-2000), c = 4000; the constructive/,k .Z- 11;

the shape of the rectangular core dimensions 12 x 24 x 140 mm. The

magnetic field detectors are set up inside the outboard gondola.

The required sensitivity of magnetic field detectors is determined

on the basis of ratio mS = 2.25.105. On working frequencies of the

apparatus the sensitivity should correspondingly be ( m ):

2.25 . 105  25;
Sp 1  18 . 10 = 12.5; Sp 2 = 15; Sp 3 = 25;

Sp 4 = 50; Sp 5 = 62.5.

Using formulas (VII.3) - (VII.6), and also recommendations of

paragraph 1, we choose, according the required sensitivity, the type of

(*) Oxyfer MT-4000 (MC-2000) has very low temperature coefficient of
permeability, which assures sufficiently high temperature stability
of induction coil.
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ferrite core and the construction of magnetic field detector for low

frequencies and the systems of its protection against vibrations.

In the given example the construction of the coil was selected

same as the one in Fig.82. The first coil for operating on low frequen-

cies 9 consisted of six sections of 800 loops each. The frame of the coil

8 was made of high quality laminated bakelite. The winding was of wire

PEV-2, 0.51 mm in dia. On frequencies 974; 1949 and 3898 only four

sections were cut in, and on remaining frequencies - the whole winding.

With switch-over of loops on two separate coils it was possible to obtain

two magnetic field detectors for operations on two frequencies.

-108

Q *

Fig.82

The splitting of the coil into six sections was done with the aim

of reducing the natural parasitic capacitance of the coil. To decrease

the humidity effect of the surrounding medium the coil was placed into

cylinder 5 of plastic glass, the bottom and cover 3 of which were made

of high quality textolite. Thickness of cylinder walls was 4 mm. The
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covdrs were tightly fitted to the inner surface of cylinder. When the

covers were placed the contact surface was smeared with bakelite varnish,

with which the internal and external surface of cylinder was also saturated.

Supplementary tightening of the bottom and lid to cylinder was implemented

by textolite screws 4, which, before the screwing on, were also smeared

with bakelite varnish. By these means a sufficiently high sealing of

the'coil was attained.

The space between the coil and inner surface of cylinder was

filled with synthetic porous material - paralon 6, which was the first

stage of shock-absorbtion. In order to raise the resistivity of

insulation, the taps 1 of the coil were made inside the ceramic

insulators 2, set in bakelite on the lid of cylinder. Due to low thermal

conductance of paralon, air in the cylinder and the material of which

the cylinder was made, the receiving coils were of high temperature

inertia.

The cylinder was fitted with two textolite rings 7 with chamfers,

by means of which the cylinders were suppended on rubber tape inside the

gondola. This assured the second stage of shock-absorbing.

Given below are the experimental data, characterising the field

detectors:

LF Coil HF Coil

Frequency, cps................ 243 487 974 974 1949 3898

V
Sensitivity, mr ............ 6.25 21.5 68.0 59.4 85.3 106

According to these data, the required value of mS is not assured

only in frequency 243 cps due to low S . Thus, the coil in principle could

be reconstructed and the sensitivity of field detector obtained upto
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about S = 12.5 . However, in some cases anomalous relations at

low frequencies are considerably in excess of similar relations on high

frequencies, as a result of which the above requirement for low operating

frequency is not always observed. So it was with the apparatus had

sensitivity on frequency 243 cps at which the product mS was almost half

of the adopted value.

11 2

-I

Fig.83

If on other operating frequencies sensitivity of coil is found

to be higher than required for obtaining the specified mSp, it should be

reduced to the required one. This is resolved most simply and reliably

by introducing into oscillating circuit (tuned to operating frequency)

a supplementary active resistance, which reduces its Q-coefficient (125).

Thus it was possible to assure the sensitivity of field detectors;

required for AERI-2 apparatus basic parameters of which are shown in

Table 7.

TABLE - 7

Parameter LF Coil HF Coil

Frequency, cps 243 487 974 974 1949 3898

Sensitivity, m 5 15 25 25 50 62.5

Q-coefficient (at level 35 66 56 56 74 35
0.707).

Equivalent sensitivity 1 2.25 2.25 2.25 2.25 2.25
according to field mS .105P
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In designing and planning of coils with core it is necessary

to take into account the external conditions of the operating apparatus

(specially temperature and humidity of the surrounding air). Experiments

have shown, that in temperature range from - 15 to + 5000C at various humidity

the magnetic field detectors had for 50 hrs almost invariable sensitivity

and the frequency of tuning was maintained within them with high accuracy,

Therefore, the coil with core meets the working conditions of apparatus

in aerial electro-prospecting. The efficiency of measures adopted for the

protection of apparatus from vibration should be tested additionally

during the flight of aircraft.

The receiving coils with core for AERA-2 apparatus in BDK method

are of the same type and almost the same specifications.

An example of receiving coils with cylindrical ferrite cores

F-2000 (red dia. 10mm, height 215 mm) are the coils of AERIS apparatus.

These coils are sectional and have a stepwise winding. Fig. 83-a, shows a

diagram of this type of coil for frequencies 500-4000 cps, and in Fig.83-b,

for frequencies 1000-8000 cps. Basic parameters of coils are shown in Table-8.

Fig. 83

Fig.83
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Table-8.

Parameter LF Coil HF Coil

Frequency range, cps 50011000 1000-8000

Number of loops 5534 1617

Type of wire PEV-0,38 PEB-0,35

Resistivity to direct current, ohm 67 13,7

Constructive magnetic permeability,/uk 33 35

Inductance, millihenry:
without core 65 6.5
with core 2150 237

Sensitivity, ~ :

f = 488 cps 5 -
f = 976 " 30
f = 1953 " 50 -
f = 3906 " 72 40
f = 7812 " - 74

Q-Coefficient:

f = 488 cps 55,5 -
f = 976 " 61
f = 1953 " 67 -
f = 3906 " 40 78
f = 7812 " 66,5

7. Practical Determination of Main Parameters in Magnetic Field
Detector.

To increase the reliability of apparatus in aerial electro-prospecting

all its main units, including the magnetic field detectors, should be

carefully checked. even during its construction. Sensitivity and Q-coefficient

determination of receiving coils is one of the main checks of the receiving-

measuring group of the apparatus (91).
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To build up a uniform magnetic field the application is of Helmholtz

coils with known geometrical dimensions and number of turns on each coil.

The magnetic field detector, which is being investigated, is set up within

the coils. Sensitivity of field detector is determined from the intensity

of magnetid field tension Hk within the coils (1ll):

k

where t- number of turns in one coil; Ik - current passing through the

coil, I ; R - average radius of coils, m.

Usually the current intensity Ik , is passed through the coils, and

from the known values V and R determination is made of the field intensity

Hk inside the coils. If Ik = 1 O, the ring constant is represented as:

1 (vnI.38)
Ck ~k

With a known constant of coils Ck (on Helmholtz coils the value of

this constant is usually marked) field intensity inside them is determined

from the relation:

H= 4/ k 80 - 'k , oF/M. (VII.39)

When the constant Ck, potential field induced in the detector U

and the current of coils Ik are known, sensitivity of magnetic field

detector is determined from formula

U Ck = (VII.40)

Fig.84 shows a diagram of a test unit for determination of values

Sp and , where 3 - audio-frequency oscillator, K3f14(- quartz master
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oscillator of fixed frequencies; 0 - oscillograph; K - Helmholtz coils;

17 K - receiving coil(L k and C-C - respectively inductance and capacitance

of coil); LB - tube voltmeter; Rk -resistance, cut in series with Helmholtz

coils (B-B terminals on resistance Rk) fi y - preliminary (gondola) amplifier

of aerial electrb-prospecting apparatus (A-A terminals at its input 6-

terminals at the output).

A 

B ny

Fig. 84

Current in Helmholtz coils is measured indirectly from the drop of

the potential field UR on resistance Rk (terminals B-B). The extent of

resistance is taken such, as to prevent additional errors during the

measuring, for instance, of errors due to outside induction, induction

from power line, etc.

The sensitivity and Q-coefficient of magnetic field detector (Lk,C)

is determined as follows. Primarily from voltmeter by means of audio-

frequency oscillator the current is set in Helmholtz coils Ik of a chosen

intensity andpreset operating frequency. Then the tension is measured

on terminals A-A or 6- 6 . With known tension on the terminals A-A,

current Ik and constant Ck, determination: is made of detector's sensitivity

from formula (VII.40). Or, with known tension 'Youtput on terminals

tension UR, resistance Rk and amplification coefficient of amplifier K,
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sensitivity is determined of the magnetic field detector:

S -80U , k (VII.41)

sp- 803fUR  o •-

Tuning and resonance frequency of the receiving coil circuit

are checked by varying frequency of the audio-frequency oscillator while

measuring potential field Uout by tube voltmeter. The constancy of the

moment of operating frequency f and resonance frequency f of the LkC cir-

cuit are checked by Lissajous figures by means of oscillograph. For this,

signal from the LkC circuit is fed to one pair of terminals, and to 
the

other - signal from the master quartz oscillator of the experiment apparatus.

At the constant moment of frequencies, oscillograph screen shows; an

immobile image in the form of periphery (ellipse).

The Q-coefficient of magnetic field detector is determined from the

deviation of frequency from fo of receiving coil to the etent 2 A f at
f

level 0.707 of the maximum U (Uo) from formula (VII.11), i.e. Q =

The amplification coefficient of amplifier 1 y is usually known
U
out

on each operating frequency of the apparatus and is measured as ratio U
p

During the measuring it is necessary to make sure, that the voltmeter does

not cause any appreciable distortions in electric parameters of the

receiving circuit (its input resistance should be sufficiently high, and

the input capacitance negligible).
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CHAPTER - VIII

TRANSMISSION OF SIGNAL OF THE MAIN PHASE TO
THE MEASURING APPARATUS OF THE BDK METHOD.

1. Fropagation Specifics of Key Signal Radio-Waves and

the Selection of Carrier Frequency.

In recording magnitudec x, Ux  , Uxp and modulus Ux of

the cable field signal in the measuring apparatus, set up on a

mobile object (plane or helicopter), the key signal should be

transmitted through a special radio-channel. This signal must

reflect the current phase in the cable. To ensure reliability

of the measuring apparatus, the key signal at the reception point

should considerably increase interference in the air, and its

phase should not depend on the position of the helicopter. In

connection with this, let us consider the specificity in

propagation of the key signal as applicable to radio-waves

its transmission from the ground power unit to the mobile

measuring group.

B.A. Vedensky (37) has shown that the electric field

of radio-waves at the point of reception may be taken as a

result of interference of surface rays, direct and those

reflected from the ground which are picked up by the receiving

antenna. This question is discussed in detail in (72), where

the formulas for estimating the field density, the attenuation
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coefficient has been introduced.

" 4 2 h 2  R2
F - 1 + 2R cos ( 9 + R (VIII.1)

Here R - modulus of reflection coefficient from the ground; & -

angle of phase loss with reflection; r - distance between reception and

transmission points; h1 and h2 - respective height of transmitting

and receiving antennas.

The field density at the reception point could be given in

terms of the following formula:

173 1

E = F, M V/M. (VIII.2)
r

where D1 - directive gain of the transmitting antenna; P 1

transmitter power kwt; r - distance of the transmitter, km.

According to formula (VIII.1) the attenuation coefficient

F varies its magnitude in relation to distance r (Fig.85). For

instance, with the reflection coeffi.cient R = 1 it may vary from

zero to two.

In our case, when the reception of the key radio-signal is

on the helicopter, the role of the ground as a reflecting surface

is performed by the body of the helicopter and the equivalent

surface, formed by the fast-rotating screw (diameter of screw is

about 22 m). These surfaces for radio-frequencies 38-40 m-cps,

used for the transmission of the key signal in apparatus AERA-58,

considerably exceed the operating wave length ( A = 7-5 m) and

are quite satisfactory reflecting surfaces. However, in this

case, the reflection coefficient cannot attain value equivalent
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to one. Therefore, the variation range of the attenuation

coefficient decreases considerably and the general variation of

magnitude E will be lower. Density variation.s- in the field of

key signal E have the same recurrence vs. distance, as the AGC

circuit of the receiver with amplitude modulation manages to

operate at the speed of the helicopter's flight upto 120-140 km/hr.

This type of key signal variation takes place, when the

helicopter flies along a straight line at one altitude. In turning

around, descending and ascending, there may be considerable variations

of E, caused by the additional screening of the receiving antenna

by the rotating screw and the body of the helicopter.

.2--------------

I -(-R)

vMax

Fig. 85.

Electric prospecting by the BDK method is invariably

carried out with the helicopter flying at an altitude of 30-50 m

above the ground surface.

The maximum possible distance of the key signal transmission

can be determined from the following formula (143).

rmax 4.12 ( + 2 )  (VIII3)

In accordance with this formula, which estimates the

refraction of radio-waves in atmosphere, the distance of radio-

communication is greater than the optical visibility. For instance,
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for our case, when h2 = 30-50 m and the height of the transmitting

antenna of the generating ground unit of the apparatus hi = 10 m,

the maximum distance of radio-communication by ground ray r does

not exceed 35-42 km. With the setting up of the ground apparatus

in the middle of the survey topomap, the obtained obtained r values

are quite acceptable.

However, in the practical implementation of the BDK method,

the survey is frequently conducted in extremely rough locality

(on hillocks, in mountains, etc.). In this case, there may be

screening obstacles on the path of radio-waves propagation. If

the dimensions of the obstacle are not large, then due to diffraction

and additional reflections the signal at the reception point could

be of considerable magnitude. But if the screening obstacles are

considerable and are close to the transmitter of receiver,

there may be cases when the radio-signal will be completely absent.

In the presence of the screening obstacles, there are points at

which the radio-signal may have additional amplification of upto

26 db due to the signal reflected from this obstacle (72).

In practice, these events are manifested at the receiving

device, which is set up on the helicopter, in the form of total

disappearance of the main phase radio-signal or byits considerable

increment at individual points of survey traverses in hilly areas.

Obviously, at the moments of disappearance of the key signal the

normal operation of the measuring instruments ceased.

As mentioned in the foregoing, in the first AERA-58 apparatus

of the BDK method the key signal was transmitted on the frequency

of ultra-short wave range 38-40 mcps. These frequencies were
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selected because of the low level of atmospheric interferences

and of interfering radio-stations, and because of the relative

simplicity of the transmitting and receiving antennas. It was

noted, however, that the radio-signal of the main phase was sometimes

not transmitted through AERA-58 apparatus. In 1961, in manufacturing

the modernized apparatus AERA-2 and AERA-3, the carrier frequency

of the key signal was taken within the frequency range 2-3 megacycles

per second. Considerable reduction of the carrier frequencies was

justified by the fact that they possessmuch better diffraction

properties of the ground wave and less absorption in the ground.

Although on these frequencies the atmospheric interferences are of

higher magnitude than on ultra-short wave frequencies, they are

compensated by power increment of the ground radio-transmitter.

And, finally, surveys by the BDK method on the helicopter are

conducted only during the day when interferences from other radio-

stations on these frequencies are negligible.

2. The choice of polarization for transmitting and receiving
antennas.

In the BDK method the helicopter with measuring instruments

may take up various positions in respect of the ground generating

unit. Because of this it is necessary to use for the radio-

transmitter of the key signal an antenna with a circular directional

diagram in the horizontal plane or directional antenna with automatic

orientation towards the helicopter. The second course is more

difficult and its application in the BDK method is inexpedient.

Application of the antenna with a circular diagram presents

no difficulties. Therefore, both in the AERA-58 apparatus and in
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the subsequent devices AERA-2 and AERA-3, the antennas used for

the radio-transmitter of the key signal and on the helicopter are

of the circular directional diagram.

Z A a

4 4

PuH. 86. PHc. 87.

Fig.86 Fig.87

On the ground this type of antennae could be fitted for

waves with horizontal and vertical polarization. It is very

difficult to fit an antenna on a helicopter with horizontal

polarization and circular directional diagram in the horizontal plane.

Therefore, it would be expedient to use vertical polarization of

the main phase signal.

For the ground radio-transmitter it is advisable to fit

a vertical antenna with low angle of emission peak toward the

horizon (Fig.86). Within the range of ultra-short wave, such an

antenna could be a quarter-wave dowel with horizontal oscillators

(Fig.87), half-wqve dipole (Fig.88-a) and a system of half-wave

dipoles (Fig.88-b). On the receiving side of the main phase

radio-signal, a quarter-wave telescopic dowel antenna, can be

used which moves out from the freight cabin vertically downward

after the helicopter takes off.
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When using for the main phase radio-channel 
intermediate

wave frequencies of 2-3 megacycles per second, the transmitting

antenna could be made up in the form of vertical 
umbrella-like

antenna (Fig.8 9, where A-antenna, fl - counter-weight), and

the receiving antenna, as in the case of frequencies 38-40 
Mcsp,

in the form of a telescopic dowel 2-3 m in length.

3- Modulation of the Main Phase Radio-Signal:

For electric prospecting by BDK method, the use 
could be

made, in principle, of all the existing 
methods for the modulation

of the main phase radio-signal. The expediency of transmitting the

key signal on frequencies 2-3 Mcsp was 
pointed out in the foregoing.

Hence, in selecting the type of modulation, 
it should be estimated

whether it is applicable on these frequencies, 
and the specific

operating conditions of the airborne 
apparatus should also be

estimated.



- 253 -

It should be mentioned that, due to relatively low radio-

frequencies, the radio-channel of the main phase should take up

in the air a frequency band as narrow as possible. In this case,

firstly, the radio-channel in question will be of minimum interference

to the adjacent channels of radio-communication and, secondly, it

will be possible to narrow down the transmission band of the receiving

track, which assists in enhancing the protection of the channel against

interference.

If frequency or phase modulation is applied, the width of

the frequency band in the air will be determined by the following

formula (206).

2 AF = 2F ( 1 + m). (VIII.4)

where F - modulating frequency; m - modulation index.

With frequency modulation, when m = mf-m, we have

k? .MUmQ £00 Af
M = F = = F (VIII.5)

With phase modulation, when m = mpm, we get

mp, M = Pk .MUm'il (VIII.6)

wheret- C- maximum phase variation of oscillations during modulation;

UmC- amplitude of modulating tension; Kf-m, Kp m proportionality

coefficients, respectively, of frequency and phase modulation,

which determine the steepness of the modulation characteristic.

The modulation index could be from m 1 to ml1. At

m 41 width of the frequency band, taken up by the radio-channel of
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of the main phase, will strive toward two, i.e., toward the spectrum,

taken up by the radio-signal with amplitude modulation.

However, with frequency or phase modulation with low devia-

tion of frequency 60 in the receiving track, the output voltage

at the output of the detector will be low, since

U ds - s (t) (vIII.7)

Ruer = g er dt - S er

In the actual circuits, the value m is taken within 0.5-20

and even higher. In this case, the band of frequencies taken up in

the air even with one-frequency modulation, as in apparatuses

AERA-58 and AERA-2, will according to formula (VIII.4), be very

high, upto to some tens of kilocycles. Naturally, this type of

radio-channel on frequencies 2-3 Mcpa will be affected by the

interference of other radio-stations.

On the basis of what is stated above, it may be reaffirmed

that the application of frequency modulation for the transmission

of the key signal in the BDK method is inexpedient.

Lately, the one-band radio-communication has become very

widespread. Without discussing its advantages (4, 40, 245), let us

analyse the possibility of its application in the apparatus of the

BDK method.

It is well known that for the reception of one-band signal,

the carrier frequency has to be restored in the detector. With

thermostatic control of quartz resonator it would be very difficult

to obtain in the movable apparatus frequency stability of the quartz

oscillator above 10-7 - 10-8 . The -Variation of suppressed
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carrier frequency in the transmitter or of that restored in the

receiver due to external effect (temperature, pressure, humidity,

etc.) results in displacing the side band spectrum to the same 
extent

as in the case of variation of the carrier frequency. For instance,

with the carrier frequency of the key radio-signal Fc = 3 Mcps,

the absolute drift of frequency due to frequendy instability of

the quartz oscillator about 10
-7 - 108 will be 0.5 - 0.03 cps.

Therefore, shifting of the key signal audio-frequency will be 
the

same, as in phase measuring, which may cause an error of 10.8 
-

1.080. It is obvious that the use of some carrier frequency

residue (pilot-signal) on the transmitting side with automatic

tuning on receiving may reduce the phase errors of the radio-

channel to permissible numbers.

Dith the transmission of the key signal by the method of

one-band radio-communication, it is necessary also to estimate the

Doppler effect which, in our case, is due to the shifting of the

key signal dptector in relation to the transmitter.

Distance variation between the stationary transmitter and

the shifting receiver affects the absolute value of radio-signal

frequency (140).

In the case of detector's removal

fH = fH ( 1 - ); (vIII.8)

in the case of detector's approach

fH = fH ( 1 + Z ) (VIII.9)
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where f, f - carrier frequencies of the key signal with an estimate
c C

of Doppler effect; f - absolute value of carrier frequency; v -

velocity of detector's shifting; c - propagation velocity of radio-

waves.

With the carrier frequency of the key signal fc = 3 Mcps,

its variation, due to Doppler effect, is 100 km/hr, - 3 cps, at

the flying speed of the helicopter which corresponds to the phase

+ 0 control ofvariation of the key signal over -1000 The automatic control of

frequency f is practically impossible due to difference in the
c

relative velocities v of the receiver and the transmitter. Thus

it is possible to come to the conclusion that the application of

one-band radio-communication for transmission of the key signal in

the BDX method without a complex diagram of automatic tuning of

the frequency is excluded.

In apparatuses AERA-58 and AERA-2 the transmission of the

key signal was implemented by amplitude modulation with quartz

frequency stabilization of the master oscillator of the transmitter

and the heterodyne of the receiver. Although from the energy

point of view amplitude modulation takes the second place to fre-

quency of receiver 2n frec = 5-10 kcps). The master oscillator

and the heterodyne of the receiver may have stability upto 10
-4 .

It seems of interest to use the autoanode modulation of Kruglov,

Dogherty diagram (206) and other methods of amplitude modulation,

distinguished by higher efficiency.

During the development of the apparatusfor the BDK method

and in its later exploitation, the stability of phase response in

the main phase-radio-channel was frequently investigated. In every
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case the error did not exceed the allowed ( 20). It is obvious

that amplitude modulation may be recommended for new sets of

apparatus for the BDK method.

4. Apparatus of Key Signal Radio-Channel.

Fig.90 shows the functional diagram of radio-transmitting

part of the radio-channel in apparatus AERA-58, which is on the

ground generating unit (57).

The bearing voltage Ub, reflecting the current phase in

cable I, is taken off the resistance 1. The transformer 2 ensures

galvanic separation of voltage Ub and current I. The secondary

circuit of the transformer is practically unloaded, therefore the

introduced phase error does not exceed 10-20'. To compensate the

phase shifts in subsequent track elements the modulator, the output

stage of the transmitter, the transmitting antenna, etc.), the

phase-inverter 3 connected at the output of the transformer2.
If

Bearing voltage U2 arrives after the phase-invertor to the modulator

4 of the transmitter.
5 6 7-. ---- 1_I v

I ,
ABU 4 19

I •

Fig.90 10

PHc. 90.
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Any types of commercial transmitters, which meet the

demands of frequency range and stability, type of modulation and

output power, may be used as radio-transmitters. Moreover, when

the measuring.and recording apparatus is set up on helicopter MI-4

the radio-transmitter of the key signal should permit continuous

operation for 2.5-3 hrs. With the setting up of this apparatus on

any other types of helicopters and planes the continuous operation

period of the key signal radio-transmitter will depend on the

duration of the flight with one full filling up of fuel. This

specific requirement of the radio-transmitter has been noted in

particular because magy radio-transmitters, specially the 
ones in

aviation, are, as a rule, estimated to operate for a short-period

and when used for the transmission of the key signal during a

prolonged period get overheated and go out of order.

The transmitter, included in the set of AERA-58 (Fig.90) con-

sists of the master oscillator 5 with quartzes A and B, the multi-

plying stages of frequency 6, the output power amplifier 7 and the

antenna 8. The modulator 4 modulates the output stage by anode

and screen-grid. Through the same modulator, one-sided command

radio-communication by means of the microphone 19 may also be

executed.

The key-signal phase is controlled by means of a device 9,

which is a ring phase-indicating detector, to one of the inputs of

which is fed voltage Ub, and to the other voltage Ub. From the

I lit

indicator, the zero phase shift is fixed between Ub and Ub . The

U voltage is taken off the output of the special indicating
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receive 10, at the input of which the antenna 20 is cut in.

By adjustment of the phase inverter 3, the phase of the
if

modulating voltage Ub is turned until the zero shift of phases is
I

obtained between U and U"'
b a b In this way, the phase of the key

signal, transmitted into the air is controlled. The oscillograph

18 controls the shape of the key signal.

On the transmitting and receiving side of the channel are

the timers. The triggeriag of the timers is effected by the signal

of the key signal radio-transmitter. With appearance of the key

signal in the air, the low frequency synchronized oscillator 11

receives the triggering synchronizing voltage Ub , and the

synchronous motor 12 power. The diagram of the oscillator 11 is

constructed in such a way that, irrespective of the current frequency

in cable I, voltage with frequency 40-65 cps is fed to the

synchronous motor 12. Fixed on the motor axis is the needle of

the seconds counter 13 and the contact system 14, which gives one

impulse every 30 sec. Through the electromagnetic writing device

15 these impulses insert the time marks on the tape 17. Onto the

same tape the galvanometer 16 records the current I in the cable.

The command radio-communication with the measuring (mobile) devices

is conducted through the helicopter radio-station.

In contrast to AERA-58, the AERA-2 apparatus does not have

a device for current recording in the cable, nor a system for time

marking on the tapes of pen-writers, connected with the frequency

of the modulating key signal. However, the extensive productive

tests of the BDK apparatus have shown, that there is continuous
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current variation in cable I with non-stop operation of the

generating unit (due to oxidation of grounding electrodes with the

transmission of the alternating current). Moreover, there is

evidence of short-period variations of voltage from the portL-ble

power plant, feeding the generating unit. Therefore, it becomes quite

obvious that current recording in the cable and the timing would be

expedient.

Fig.91 shows the functional diagram of the receiving arrange-

ment of the key signal phase radio-channel in AERA-58. The modulated

key radio-signal is picked up by the dowel antenna 1, pushed out

of the helicopter cabin, and arrives at the amplifier of high

frequency 2 of the radio receiver. Quartzes of channels A and B are

cut in to the transformer 3. The fifth quartz harmonic and the

receivable signal form the intermediate frequency, which is amplified

by a two-stage amplifer of the intermediate frequency 4.

15

I s

14

PHc. 91.

Fig .91
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The transmission band 2 ftr = 20 kcps, intermediate

frequency 3 Mcps. The wide transmission band on the amplifier of

intermediate frequency has permitted reducing to 20-30, the phase

errors of the radio-receiver, which emerge due to the withdrawl

of the transmitter frequency, the heterodyne frequency, the variation

of parameters of input circuits and the intermediate frequency

transmitters. From the detector 5, the direct current voltage is

fed to the circuit of the automatic sensitivity control 6. The

automatic control is extended to the stages of HF and IF amplifiers.

The indicator of the signal's magnitude 10 (S-meter) is cut in to

the IF amplifier. The LF amplifier 8 and phones 9 are meant for

audio-control of the key signal.

From the detector 5, the sound voltage (key signal) is fed

into the input of the cathode followet 7 and, hence, to the

measuring apparatus 17. The key signal also arrives at the input

of LF synchoronized oscillator 11. The circuits of synthronized

timing oscillators in the ground and air-borne groups are identical;

these are two-stage synchronized frequency dividers, controlled by

modulating the voltage of the key signal. As the synchronic

motors 12, energized from synchronized oscillators with frequency

40.65 cps, serve CD-2 motors with a supplementary reducer. On the

shaft of the motor a needle is fixed and from the dial-face 13

it is possible to control the operation of the timer.

The pulses of direct current from the contact pair 14 are

delivered to the recorders, where they are fixed as time breaks.

The synchronous motor 12 begins rotating from the moment of

emergence of the modulated key signal, which is cut in on the ground
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generating unit at the command of the operator at the measuring

instruments. In this way, synchronizm is attained between the

start of recording on the recording devices 15 and 16 and the ground

recorder of the cable current and also the automatic printing of

time breaks.

The radio-receiver of the key signal is AERA-3 is assembled

on a similar circuit, but due to the lower carrier frequencies of

the key signal (2.3-3.2 Mcps) the A and B quartz are used on the

main frequencies without additional multiplication of frequency,

and the intermediate frequency ftr is assumed to be 465 kcps. The

width of the transmission band on the intermediate frequency is

8-10 kcps.

The small size short-wave frequency radio-receiver with

quartz control of the heterodyne frequency, devised for AERA-2

and AERA-3, could serve as prototype for the future development of

similar devices. Therefore, we should analyse briefly its functional

diagram, shown in Fig.92.

The HF signal of the main phase arrives from the antenna

through the coupling condenser C1 into the input circuit L1, C2, C3*

Depending on the magnitude of the carrier frequency (channels A

and B), a semivariable capacitor C2 or C is cut in to coil L1 by

means of change over switch fl . From the input circult through

antiparasitic resistance R1 the HF signal is delivered to the

control grid of the HF resonance amplifier L1 .

From the anode circuii L2, C7, C8 the amplified HF signal is fed

through separating capacitor C9 to control the grid of the frequency
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converter L2 . Heterodyne signal L3 with quartz crystal control is

fed to the same grid.

The quartz heterodyne is assembled on the circuit of

an autogenerator with electronic coupling, tuhed by the circuit and

quartz resonator, connected between the control grid and the

cathode. This circuit is made distitct by its frequency stability

of about (1-10).10- 6 and has sufficient current amplitude of the

operating frequency on one circuit. The coupled circuits L6, C1 8,

C1 and L5, C17, C1 6 permit the attenuation of the high 
harmonics

of the oscillator.

In the anode circuit of the frequency, the converter L3 ,

C13 emerges an intermediate frequency, which is further amplified

by tke amplification stages - L4 and L5 . From the last coupled

circuit of the intermediate frequency L9, C 34, L1 0 , C36, the voltage

arrives at the detector of the key signal - 16fthand diode L6.

The LF signal, taken off load resistances R3 3, R34, arrives at the

supply circuit of the timer motor. The key signal is taken off

resistance R34.

For audio-control of the key signal and reception of one

sided information from the generating (ground) unit, the receiver

is provided with a special LF amplifier on pontode L8 .

The right-hand diode L 6 is meant for operating within

the circuit of automatic sensitivity control of the receiver. Onto

its anode through the capacitor C39 is fed the voltage of

intermediate frequency from the first circuit (L9, C34) of the
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last intermediate frequency transformer. The direct lag voltage

is fed from the outside power source ( -30v) onto dividers R2 6, R2 7

through resistance R28. The negative control voltage is taken

off the anode of the right-hand diode L and through resistance

R29 and grid leak resistance R4, R13 and R17 is supplied to the

controlling tube grids L1 (HF amplifier), L4 ( I IF amplifier) and

L (II IF amplifier ).

To control the magnitude of the main phase HF signal, the

receiver has at the output a special device s, cut in on the bridge

circuit into the anode circuit of the IF amplifier second stage. The

receiver is mounted on a separate chassis and fitted into the

measuring instruments block.
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CHAPTER IX - INTERFERENCES IN AMPLITUDE AND PHASE MEASUREMENTS

AND THE METHODS FOR REDUCING THEIR EFFECT

1. General problems of improving protection against interference.

Distortion of the amplitude and phase of signals, received by

the magnetic field detectors in the apparatus for aerial electric

prospecting, besides those emerging due to changes in the geometry

of the system in the near zone method, could be caused by vibrations

and acoustic interferences; interference of industrial nature and from

telephone and telegraph lines; interference of near-by operating radio-

stations, atmospherics, the noises of magnetic field detectors, setting,

or reciprocal effect, of channels (in two-frequency operations), noises

of the first amplification stage, etc.

The listed interferences limit the lower threshold pickup of the

measuring devices; therefore, there is the necessity for carrying out

complex measures for protecting the apparatus from the effect of

various types of interferences, and also the expediency of narrowing

the transmission band within the region of operating frequencies in the

amplifying track of the measurable signal. Therefore, limitations are

imposed on the quick action and accuracy of the measuring and recording

instruments as a whole and particularly in the dynamic method of

operations.

The distortions are built up, as we know, by a combined action

of all the listed interferences. However, the relative significance

of each of these interferences in the sum total is not equal.
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The possibilities of increasing the tangible sensitivity

in the receiving and measuring devices depend primarily on the

efficiency of the applied shockproof systems of the field

detector and the choice of electric circuits for suppresing

interference.

The execution of reliable mechanical shock-proofing of

the field detector improves considerably the efficiency of the

measuring instruments. Moreover, the application of special

electric circuits for suppressing interference makes it possible

to build up a highly sensitive apparatus for aerial electric

prospecting, permitting the measuring of very low intensities

of magnetic fields (in the order of 10- 7 10- 9 a/m).

In the resolving the problems of electric protection for

measuring instruments from interference, it is necessary

primarily to dampen (or exclude) interferences at their input to

a level that would prevent in the amplifying track, during the

amplification of the signal-noise mixing entry of'the amplitude

of this track's individual links into non-linear sections. If

this condition is not observed, then with the high level of the

signal-noise mixing, distortions of the useful signal in the

amplifying track occur or even its complete loss takes place in

the background of noise. In an ideal case it would be better to

have a "clear" signal after passing through the magnetic field

detector. However, the technical execution of this filter diagram

for the various methods of aerial electric prospecting is,
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unfortunately, not always possible and is, practically,

unrealistic.

Digressing from the diverse specifics of these methods

and taking into account the general aspects of the theory of

communication (223, 225), it is possible to assume that the

improvement of the electric interference-stability of the

apparatus may be achieved by increasing the signal volume,

characterised by its competence, width of spectrum and duration.

The reserves for increasing the power of the signal in aerial

electric prospecting are, as a rule, not high because of

limitations of the power supply of the air-craft, the area of

field emitters and the competence of the mobile ground power

plants. The possibilities of expanding the signal's spectrum

have so far been very little exploited, since the investigation

is most often of the harmonic signals, the amplitude and phase of

which vary with different rate at the moments of the appearance of

anomalies. As a result, the stability of the measuring apparatus

against interference may mainly be increased only on account of

increase in the signal's duration. However, even this possibility

is limited by the requirement of continuous recording of the

signal variation during the flight of the aircraft along the

profile.

The higher is the speed of the survey, the more precisely

should be marked the variations of the signal receivable by the

measuring and recording devices, which should be of the highest

quick action and have the best quality of dynamics. With an
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inadequately quick action of the apparatus in aerial electric

prospecting, it is possible to miss local anomalies of short

duration; the nature of the actual variations of the signal at

the input of the amplifying track will be distorted and the

result will be not only the difficulty of determining the

location of the objects sought for but also of interpreting the

obtained data. Therefore, the measuring time in aerial electric

prospecting is always limited and is determined by the dynamic

errors of the apparatus.

For increasing the stability of the measuring instruments

against interference by increasing the duration of the harmonic

signal, the filter is combined with synchronous correlational

reception or with detection. In the latter case, the output of

the detector is provided with LF filters (152).

The filtering method of the signal (frequency division) is

usually applied directly at the input of the measuring unit and

in the channel of the amplification track. This is explained,

primarily, by the fact that at a low level of signals it is very

difficult to build up multiplying circuits (commutation circuits),

which are used in synchronous reception, whereas the resonance

circuits, used in the filter method, are technically simple.

But as regards the optimum electric systems of protection

against interference, with the preset dynamic characteristics of

the apparatus all the electric methods of protection are equivalent.

The difference between them lies in technical execution, when it is

required to assure the stability of the amplitude and phase
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characteristics of the amplifying track and the magnetic field

detector or when it is necessary to have a bearing voltage (for

instance, in synchronous reception).

In the amplification of low level signals, the filter method

has undoubted advantages. However, in this case it would be

impossible to obtain the simple circuits of high stability and the

Q-factor. Therefore, in the apparatus for aerial electric

prospecting, the potentialities of these circuits are not used

fully (unless, of course, it is necessary to make them more

composite, which involves an increase in the cost of the apparatus).

The introduction of the preliminary signal filter eliminates

the effect of interference in the vicinity of frequency commutation

harmonics in the circuits of synchronous reception, which has to be

taken into account since the interference spectrum at the output of

the magnetic field detector is sufficiently wide. On the other hand,

the synchronous reception has advantages in the vicinity of the

operating frequencies of the apparatus, where practically the whole

selectivity of the amplifying track circuits is concentrated. The

instability in the circuit of synchronous reception affects mainly

the dynamic errors of the measuring and recording devices.

The theoretical analysis and practical results (89, 93, 103,

132, 152) show that effective stability of the apparatus against

interference could be assured by the simultaneous application of

mechanical vibration-proof systems of the magnetic filed detectors

and of methods free from electric interference. In the case of

reception of harmonic signals, it would be more rational to assure
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protection against interference by combining the electric 
circuits

of the filter method and of synchronous reception and detection.

It is expedient to cut in at the input of the measuring unit,

filters with transmission band, providing for a reliable

suppression of interference at medium and long distances, and

having characteristics, at which instability of the parameter is

of no significance. All this will eliminate distortion of the

amplitude and phase characteristics of the signal in the amplifying

track, or, at least, will not increase the present magnitude.
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After the preliminary filtering, the measurable signal should

41 be amplified to a level considerably higher than the zero drift of

the circuits of synchronous reception or the initial non-linear

sections of detecting circuits. In this case a more efficient

application of synchronous reception or LF filters, connectable at

the output of the detectors (including recorders which according

their dynamic characteristics, are LF filters (65, 88, 89) ) is
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possible. Therefore, the majority of circuits in the measuring

unit are assembled according to the structural diagram shown in

Fig. 93-

In this diagram the mechanical vibration-proof system is

applied to the input assemblies - the receiving element and the

preliminr:ry amplifier, whereas the electrical methods of noise-

proofing are all concentrated in the measuring units - the selective

amplifier and the recorder of composite quantities 1 and 2. These

units could be assembled for operating in the filter method as

well as in the method of synchronous reception and detecting.

2. Vibratory interference.

Since the apparatus for aerial electric prospecting is set up

on a mobile object, in specific conditions of application it is

subject to the vibrations of high intensity of different

frequencies and amplitudes and also to shock loads of different

duration and intensity. The vibrations are most critical for the

receiving and measuring units and specially, for those details

which pick up the very low levels of the useful signal.

To free these details of interference is a complex technical

problem. The main unit of the apparatus most sensitive to vibrations

is the magnetic field detector. Therefore, by the vibratory

interference in aerial electric prospecting is meant interference

emerging in the field detector due to its vibration in the magnetic

field of Earth (this type of interference is transmitted later on

into the measuring track). The capacity of the magnetic field

detector to withstand the vibrations, i.e., to carry out fault-free
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and normal functions, is determined by its stability against

vibrations.

It is well known that the pattern of the origin and

transmission of vibrations is most complex (79-81); therefore,

the theoretical determination of even such characteristics as

frequency and amplitude of vibrations is extremely difficult.

These characteristics are usually determined by tests. During

the flight of the plane or helicopter usually there are vibrations,

caused by the combined action of various factors, such as, for

instance, the irregularity of the piston engine torque, the imbalance

of the screw, the aerodynamic forces of its rotation, etc.

Investigations show (79, 81) that vibrations are characterised

by value distribution and the composite nature of the amplitude

spectrum. During the flight of the plane, the operating conditions

of the apparatus change. The presence of transitional processes

causes variation of the amplitude of vibrations within a wide range

of frequency variations. According to test data, the apparatus of

planes with piston engines is subject to vibrations with frequencies

10-500 cps and amplitude upto 1 mm(3). The limits of amplitude

values A of the "chief" components of plane vibrations at f=10-50 cps,

obtained by the processing of the statistical test data (113) are:

in the central part of the plane A = 0.5-2. 10mm, in the nose and

tail parts: A = 0.25-0.50 mm the maximum vibration values correspond

to the minimum frequencies of vibratory interferences).

On the helicopter the intensity of vibratory interference within

the low frequency range of electric prospecting is even higher, but
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its characteristics have not so far been fully investigated.

Thus, the determination of the effect of vibration on the

field detector and its stability against vibrations during the

flight of the aircraft is an extremely complex problem,

aggravated also by the fact that the frequency spectrum of

vibrations encompasses the main frequencies used in aerial

electric prospecting. Moreover, it is necessary to take into

account that the metal parts of the aircraft and its equipment

being sources of interferences, different in amplitude and

spectrum, distort the pattern of the constant magnetic field of

Earth at the point of reception.

Undoubtedly, carrying of the field detector into the

outboard gondola is a positive factor, since in this case the

vibration effect of the aircraft itself is reduced and the effect

of its metallic mass on the field structure at the point of the

field detector is considerably damped. Nevertheless, even in this

case vibrations of the field detector in the magnetic field of

Earth cause the appearance of the interference signal on the

operating frequency of the apparatus.

Let us determine which vibrations of the field detector

result in the highest magnitude of interference. In the high

grade field detector, we introduce the multiturn coil in the

plane of the loop S. The e.m.f. of induction in the receiving

coil (18) will be

e = - f (IX. 1)
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where-W - the number of loops;' - the flux of vector B of

inductance through the plane of turns in coil S (the geometrical

dimensions of the coil are not estimated for the sake of

simplicity).

We know that the flux of the vector of inductance through

area S (Fig. 94) will be

C= fBdS = BS cos (, n ),
s

-o
where n - cross drift -f the positive perpendicular to the

plane of the coil turn.

The derivative of flux

dt BS cos (B, n ). (IX. 2)

In Fig. 94 we have 4 = 900; = + d ; 0= ; =
0 dt

900 - ; =o + d ; = dt ; I = + d ; o=. dt

In accordance with these definitions, the angle between B and

-o -o
n is determined as cos (B, n ) = cos ~p cos C + cos c cos+

cos cos Y or

d -0
dt cos (7, n- ) = - cos q) sin 0( - sin sin y ly. (IX. 3)

Considering formula (IX. 3), and also equations (IX. 1) and

(IX. 2), we get for e.m.f. of the coil

e =)W BS (cos Cp'sin COc + sin Csin / 60). (IX. 4)

Let us analyze formula (IX. 4). If we take 6o) = O , kk
Y'
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wBS and estimate that anglec pin northern latitudes is

approximately 73010' (119), we get

e = kk 6 (0,29 sin OC + 0,957 sinY ). (IX. 5)

2

S

X

Fig. 94

This formula at O = Y = 900 has the maximum value and, at

--od -0 0 andy -- O - , the minimum. If perpendicular n lies in

the horizontal plane (for instance, horizontal projection of the

vector of strength of the cable's magnetic field in the apparatus

of the BDK method of the "Canadian" version of the induction method),

then, aty -- 900, noises in the coil are directed by both the

projections of the B vector of induction onto axes OX and OZ. When

6O = 6 , the noise form prejection B onto line OZ is three times

that of the noise on line OX. The effect of the horizontal

component of vector B should be characterised by the variation of

the noise level with the change in the direction of the aircraft's

flight in the horizontal plane XOY.
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'The range of variation of the noise level depends on the

ratio between ~3 and (0 and on values d , dr in actual

application to the aircraft. Thus, with LO W=0 the maximum

level of variation of the signal in the receiving coil, due to

change in the direction of the flight, does not exceed 23%.

Investigations, carried out during the flight of the aircraft in

four directions of the compass along a magnetic course, have

shown (89) that the noise level, induced in the receiving coil,

actually changes close to the calculated level in the north and

south, the noise magnitude was 10 mkw and in the east and west,

13 mkw.

In the application of Certain methods, it is expedient to

set up field detectors directly on the body of the aircraft. In

this connection, it becomes important to determine the sections

of the body of the aircraft with a minimum level of vibratory

interference for the setting up of the field detector. Investigations

of this type when applied to aerial electric prospecting have,

unfortunately, been very few. Therefore, if the field detector has

to be fixed on the body of the aircraft, instead of in the

outboard gondola, the investigations are, usually, carried out in

the actual conditions in the range of operating frequencies of the

method applied.

For example, we shall deseribe the investigation technique

of vibratory noise on helicopter MI-4, when the problem was to

determine the location on the field detector on the tail beam of
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the helicopter. Originally, it was decided that the most

acceptable part of the helicopter with the least noise from

vibration and electric equipment was the tail beam. Then by

means of vibre-transmitters the vibration was investigated at

various points of the tail beam. Mainly two types of

transducers were applied bi-component piezoelectric transducer

and the induction vibro-transducer (80, 81).

The measurements were mostly of the horizontal component of

the vibration rate in cross-section planes parallel to the tail

beam axis of the helicopter and perpendicular to this axis. The

amplitude of vibration shifting was determined as the ratio of

vibration velocity v to vibration frequency,

.CMM/,

6-

I -

8---"I

100 200 300 f,eu

Fig. 95

On the basis of the test data the frequency distribution of
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vibrations was determined on the tail beam of the helicopter

(Fig. 95). This distribution is such that, on frequencies

over 230 cps, the velocities of vibrations decrease almost

uniformly at all the investigation points. At the lower

frequencies, there is evidence of overshooting of the vibration

velocity. In this way, the conclusion was drawn that on operating

frequencies of the apparatus below 230 cps the protection of

the receiving unit, set up on the tail beam, from vibrations

should be more rigid than on frequencies 230 cps and higher.

Fig. 95

The investigations of vibratory noise, when the receiving

device is set up in the outboard gondola, have shown that these

noises are quite similar to the noises arising in the disposition

of the receiving unit with a similar protecting system on the



- 279 -

tail beam, although the noise level in the first case is slightly

lower and, with the increment of frequency the amplitude of noise

decreases faster. It is quite possible that with the placing of

the receiving unit in the outboard gondola, the noise level is

affected less by the vibrating mass of the helicopter, which

distorts the magnetic field of Earth at the point of reception.

In both these cases, the relationship between the noise level

and the speed of the helicopter's flight is similar, with increasing

speed the noise level gets higher.

Fig. 96 and Table 9 give the data of measuring, by means of

the harmonics analyzer, the level of noise, equivalent to the

magnetic field density H in the receiving coil on the tail beam of

the helicopter at the flying speeds 60 and 120 km/hr. It was noted

that in this cace the noises increased at a high rate on lower

frequencies (below 200 cps), on higher frequencies their increment

was considerably less.

Speed of Level of noises, equivalent to density of the field, a/m. 10-5
flight, on different frequencies, cps
km/hr. 100 200 250 300 400 500 700 1000 1500 2000 000

60 3,1 2,8 2,0 1,4 0,84 0,6 0,35 0,26 0,23 0,23 0,23

120 28 6 4,8 4,0 2,2 0,8 0,6 0,38 0,32 0,33 0,33

Thus to obtain the required resistance to the vibration of the

receiving unit (field detector, preliminary amplifier) on low

frequencies, it is necessary to provide a more efficient system of

protection against vibration than on higher frequencies. It is also
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necessary to try and obtain the natural frequency of the

protection system below the lowest operating frequency of the

apparatus, and the system itself should be fixed on a field

detector close to its gravity centre.

10- 6

106
100 200 500 1000 2000 f,2z e

Fig. 96

The speed of the aircraft's flight always affects the

magnitude of vibratory noises. Therefore, in striving to reduce

these noises, the magnetic field detector is brought out from

the aircraft cabin into the outboard gondola (for instance, in

the apparatus of the BDK method). Sometimes, when using various

modifications of the induction method, it is absolutely essential

to place the magnetic field detector in the outboard gondola. In

these cases it is necessary to know the behavior- of vibratory

noises with the let-down of the gondola from the aircraft at

different lengths of the wire-cable and with changes in the

flight speed.

Experiments show that, until a certain moment, the vibratory
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noise initially drops sharply with the increasing length of the

cable, then remains invariable or even increases, if the cable

is extra long. Increased speed of the aircraft invariably

increases the vibratory noise.

Table 10 shows the measuring results of the total level of

the vibration and outside noises, affecting the magnetic field

detector in AERI-2 apparatus of the induction method at various

flight speeds when the drift angle of the gondola 0 varied from

60-700 and the length of the wire-cable was 100 and 150 m (the

measurements were carried out in windy weather at an altitude

900 m above the sea level.

From Table 10 it follows that with the indicated variations

of flight speed the level of noises due to vibration increases on

an average five-six times. On frequency 243 cps, the noise level

is considerable even at the optimum flight of IL-14 plane of 250-

260 km/hr. Moreover, on frequencies 243 and 487 cps with cable

length 100 m, the level of noise is lower than with the length of

150 m. This is, apparently due to the fact that the natural frequency

of the cable of the mechanical system given out by the gondola

approaches, the natural frequency of vibrations in the mechanical

system of the field detector with the increasing length of the cable.

Other causes, unrelated to vibrations, were excluded in these

'experiments. Subsequently, a more perfect system than the one applied

in these tests, has been devised and tested for the protection of

the magnetic field detector from vibrations, as a result of which

the level of vibration noises on all the operating frequencies
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Table 10

Speed ofk Wire-calle Operaling frequency, cps
flight length 243 487 3898
km/hr m898

100 8 -- 10 5--7 1- 2 1 -2 3- 7-4
16--20 3,3-4,7 0,4--0,8 0,2--0,4 0,48.--0,64

220
150 20 -- 30 3--5 3-4-4 2 - 3 2--3

40 -60 2 .- 2,3 1,2 --146 0,4--0,6 0,32- -0,48

100 20- -25 7 ---10 2 ---3 1 - 2 3--4

240 40.--50 4,7-- 6,7 0,8--1,2 0,2 0,4 0,48-0,64

150 35-- 40 64-7 3 4 3--4 2 -P- 3

70 -80 4 -4,7 1,2--1,6 0,6, 0,6 0,32-- 0,48

100 28- -30 3-' 5 5--6 1 -'-2 5- - 6

56--60 2. --3,3 2T-2,4 0,2-70,4 0,8 -- 0,96
260

150 40- 45 8--10 5- -6 4-- 5 2 -- 3
80 S 90 5,3.. 6,7 2-.2,4 0,8.__1 0,32 -0,48

100 32 -35 5---8 6 -8 1,5- 2 5-- 6
64-- 70 3,3 -5,3 2,4_- 3,2 0,3 0,4 0,8 0,96

280

150 45- -55 8 -- 1o 6 - 8 5± 6 4 -5
90---110 5,35-6,7 2,4.-3,2 1-L1,2 0,68 0,8

100 35-+-40 7- -10 5--8 2- -3 5- 6

70-- 80 4,7-- 6,7 2 - 3,2 0,4 0, 0,8 .0, 96
300

150 55 66 8-10 5--6 5--;6 5-4-8
110 - 120 5.3 z6,7 2 .-2,4 1 -1,2 0,86- 1,

N.B: (at the bottom of the table). Numerator indicates noise level (mkw),

denominator - the same level, converted into equivalent density of the

magnetic field.
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was reduced by about half, but the nature of the relations

described above remained unchanged (76).

It should be mettioned that if the field detector in the

presence of harmonically varying primary filed (H = Hm sinCe t)

vibrates near its position of balance with angular frequency

, the excitation within it is of a noise signal with a

composite spectrum. With decreasing frequency of the primary

field, the e.m.f. magnitude of vibration noises induced in the

detector by this field also decreases. The resultant field density

at the point of the field detector is invariably much less than the

intensity of the constant magnetic field of Earth. Therefore, in spite

of the fact that the individual harmonics vibration noises of this

type are included in the frequency range of the apparatus, the

vibration noises have practically no perceptible effect on the

measuring apparatus, if it is of high selectivity. This is explained

by the fact that the spectral power of these vibration noises, which

falls to the narrow band of transmission in the vicinity of the

operating frequencies, is comparatively low.

3-. Outside interference.

The outside interferences, which affect the receiving -

measuring apparatus, are those not directly connected with the

aircraft, but caused by atmospherics and the effect of broadcasting

and special radio-station fields.

Let us analyze more fully of interferences of this type.

Atmospheric noise. The noises caused by atmospheric discharges

or electrification of air masses or aqueous vapours of atmosphere,

are always present and affect the field detector with some medium
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level, depending on metereological conditions. Therefore, these are

referred to the constantly active interferences.

12 2r1000 3000
0\6000

Statistical data show that on an average about a 100 lightings

per second are observed on the Earth. Lightning interferences 
have

impulsive nature and the frequency spectrum, in which the major part

of the energy is concentrated, is 0.05-30 kcps (109, 156, 173). The

intensity of the electric portion of the interference field caused by

lightning is considerable even at a distance from the storm source 
of

upto several thousands of kilometeres, as the peak current within

these surces is very high - in the order of tens of thousands of

amperes; the lightning power is immeasumbly greater than the power

of major radio-stations. With propagation, lightning interferences

become partially dampened, and yet the total field of interferences

from individual sources or lightning discharge could be quite

considerable in magnitude at the recording point.

The lightning noise level - a time variable quantity - varies

considerably in relation to the geographical latitude (in southern

latitudes the noise is considerably higher than in northern), the



- 283 -

frequency, at which the noise level is being determined (it may

roughly be assumed that the intensity of atmospherics is

inversely proportional to frequency) and time of the day and the

year.

The qualitative evaluation of atmospherics could be implemented

on the basis of the data in (173), which establishes that their

amplitude spectrum in the low frequency range 0.05-10 kcps has two

clearly defined peaks: one within the range 0.05-0.1 kcps, the other

within that of 6-8 kcps. The interference trough is on frequencies

1-2 kcps. a 
Key to F.igure 98:

eisapb, 2, 19562. 13.45-15.25
gD a, Dgiember 2, 1956
9 \ 3 \ 1\70 2,q 3_\l  b, 4 .:45-1525;.-

50 b,.Aime, %;
30- c, H , plV/m.

0.0001, 5 10 50100 50010 p m, j

Fig. 98

The typical specifics of atmospherics are marked in Fig. 97,

which gives the test data of "medium" spectra, obtained in work

(156) for distance r from the storm centre of 1000; 2000; 3000 and

6000 km. The figure shows that with increasing distance from the

source of noise the high-frequency peak is shifted into the

region of higher frequencies (5-10 kcps) and the so-called tail

peak shifts, on the contrary, into the region of loTer frequencies

(200 - 70 cps). Moreover, the peak ratio of the low-frequency

portionof the spectrum becomes five times higher: from 0.3 at
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r = 1000 km to 1.5 at r = 6000 km.

Thus at comparatively small distances (1000-2000 km) from

the storm centre, the predominant signals in the atmospherics

spectrum are of higher frequencies (4-10 kcps). With increasing

distance, these signals attenuate much more intensely than those

of low frequency, therefore at r = 6000 km the predominance in

the interference spectrum is of signals with frequencies 60-100 cps.

The work (156) shows that during a diurnal period there is a

comparatively high and stable noise level and the high-frequency

parts of the spectrum during a period of 24 hrs., as well as

at-different, times of the year are subject to more perceptible

variations.

The variation curves of relative duration of atmospheric

noises Hn on frequencies 1; 2; 3 and 9 kcps vs. intensity of

their field (173) are shown in Fig. 98. From this figure it is

clear that on frequency, for instance 2kcps; in 70% of the

recording time the field's intensity remains not more than 25 mkv/m

and only 10-3 % - 500 mkw/m. The transmission band of the measuring

unit, read at level 0.5 has 140 cps, recording time on each frequency -

about 3 min.

Fir. 99 shows the frequency characteristics (spectra) of the

atmospherics field for time intervals of relative duration 70; 0.1

and 10- % (curves I, II, III).

The recording time in the range 1-100.kcps was 1.5-2 hrs; the

transmission band of the receiving frame - 140 cps (173). The

curves in Fig. 99 show that the rare major impulses are minimal on
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frequencies 2-3 kc. The "constantly active" component of noise

increases with reduced frequency. For comparison with the data

(173) the dotted line shows curve IV of field density of

interference according to the data of measurements conducted by

the Physico-Mechanical Institute AH Ukraininan SSR, in the area

of L'vov on June 19, 1958, in cloudless weather. The indicated

noises correspond to the arithmetical average of maximum noises.

AN Ukrainian SSR and AN USSR have carried out observations, which

have shown that the highest atmospherics are evident in the

frequency range 40-100 cps. The conclusion was drawn that only in

the comparatively low frequency spectrum can the atmosphrics affect

perceptibly the measuring apparatus with a threshold pickup of

about 10- 7 a/m (at these frequencies the noise levels are

commensurable with useful signals); on other frequencies there was

no evidence of appreciable noises.

7103
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Fig. 99
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Table 11

Noise intensity mkw
Frequency

cps U1 UII UIII UIV UV UVI

487 - - - 2,5 7,0 7,0

974 0,5 2,9 8,7 2,0 4,0 5,4

1959 0,25 1,9 7,7 3,0 1,1 3,4

3898 0,11 1,9 9,5 5,0 1,1 2,6

Remarks: (At the bottom of the Table) Legend: U1 - voltage induced

by "even" noise; UII - voltage build up by impulses, duration of

which is 0.1% of the observation time; UII I - voltage build up by

rare impulses of highest intensity; UIV - average value of highest

noise impulses, measured on the Earth surface in June, 1958; U -

average value of highest noise impulses, recorded during flying

tests in January, 1958, with gondola let down to 100m; U V- ditto,

but with drawn up gondola.

Table 11 gives the values of the intensity of noises, induced in

the field detector on operating frequencies of aerial electric

prospecting by the electric portion of the noise field. These values

are calculated from curves I-VI, shown in Fig. 99 (according to the

data of FMI AH Ukrainian SSR).

The measurements were carried out by means of "aerial" frame, in

which at frequency f = 974 cps and the density amplitude of magnetic

-6
field H = 8.10 6 a/m. The induction was of e.m.f. with virtual value

m

7.5 mkw. The intensity of noise caused by the lightning discharge in

the receiving frame exceed this value at some operating frequencies.
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The outside intzrferences, including atmospherics,

measured mostly in suitable meteorological conditions by the

AERIS apparatus in 1959 and by AERI-2 in 1961-1962 (Table 12),

have shown that according to frequencies these noises, on an

average may be taken as stable. However, in magnitude,

specially on low operating frequencies, interferences exceed

the threshold pickup of the apparatus. Inclusion as the main

component in these measurements was made of vibration noises,

particularly perceptible on low operating frequencies of the

apparatus (243; 487 and 974 cps).

Table 12.

Type of Place and time Frequency, cps
apparatus of measuring 243 487 1949 3898

L'vov area 6- 9 20 12 9-12

22559 5-7,5 6,7 2,4 1,3 1,7

AERIS L'vov area, 5 --10 9-12 13-15 6---8
,28-6-598,3 3-.- 4 2,6- 3 O,8- 1,1

L'vov area, 6 - 9 15 -:-18 6 .'-9 4-- 823-6-59 5 .7,5 5 -6 1,2--1,8 O,6 1,1

Karelia, summer 21 -30 3,5 6 3,5- 5,5 2- - 5,2 9,7---11 5
43-60 2,3 -4,0 1,4.- 2,2 0,4.-1,04 1,6 1,

N.B: 1. The numerator shows noise level (mkw), the denominator - the same

level converted into equivalent field density (10-7a/m). 2. Investigations,

carried out with apparatus AERI-2 in Karelia during summer, 1962, have shown

that the noise level was on an average 6-15 mkw, and in conversion to

intensity - (2.5-4.0)10 - 7 a/m.
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In cloudy weather, specially on frequencies 243 and 487 cps,

the noise level rises. It may be assumed that the cause of it is

the number and intensity of lightningless discharges in the clouds.

It should be kept in view that these discharges could be dangerous

source of interference in the presence of capacitive routes for

their penetration into the receiving-measuring unit. Therefore, the

receiving frame and input circuits of preliminary amplification

require careful screening. Interference is possible also from the

electrization of the plane and gondola's body during the flight

through atmosphere zones of different potential. However these

noises are not stable nor constantly active. The route for their

penetration into the receiving and measuring devices is also

through capacitance couplings. These noises are dampened by careful

screening of the input circuits.

Interference from broadcasting stations.

Signals of broadcasting and other radio-stations, including

those set up on board the aircraft, which carries the apparatus

of aerial electric prospecting, affect mostly the first stage tube

of the preliminary amplifier. Within the tube, due to the

invevitable non-linearity of its characteristics, their rectification

occurs. But the direct effect of radio-station signals on the

following stages is not particularly dangerous, since the level of

operating frequencies of the useful signals is sufficiently high.

At the same time, there is concentration of frequency selectivity

in these circuits, which is an LF filter in relation to the noise

V1
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signal. It is obvious that the reduction in the apparatus of

noises of this type should be effected in two ways: by a build-

up of obstacles to their penetration into the input of the

amplifier and the choice of linear operating conditions of the

first tube in as great a dynamic range as possible.

Obviously with negligible distances from the broadcasting

radio-station (tens of kilometres) and its sufficiently high

power (hundreds of kilowatts) the field density is considerable.

Due to this, it is difficult to assure an admissible level of

outside noise at the input devices of the apparatus. In this case

the aerial geophysical survey should be carried out during the

non-working hours of the broadcasting radio-station.

It must be pointed out that the noises built up by any

radio-stations of the aircraft, on which the apparatus of aerial

electric prospecting is set up, considerably exceed the admissible

level; therefore, simultaneous operation of the radio-stations and

the measuring apparatus is impossible. To suppress the noises,

build-up by radio-transmitters only is possible; the radio-channel

has several fixed frequencies (87, 102), which makes it possible to

select the frequency less subject to interference.

Let us determine the admissible value of radio-noise intensity

on the grid of the first amplifying tube of the gondola amplifier

due to the effect of amplitude modulated signals of radio-stations,

at which the audio component of the anode current of the tube will

correspond to the lower limit of the measurable field or the

threshold pickup of the apparatus.
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To determine the low-frequency (audio) component let us

show the anode current of tube ia vs. voltage on its first

grid E and U. by Taylor series:
g in

i = f (E + U ) = f (E ) + f'(E ) U ' + f(E ) U2 + ..., (IX.
a g .Lt g g .vn 2 g

where f' (E ) = S - steepness at the operating point; f" (E) = S' -

derived steepness at the same point.

With the arrival at the grid of the amplitude-modulated

signal, determinable by the term Uin = Um (1+m cos t)cos t,
0

audio component will appear in the anode current of tube the

amplitude of which component Im  could be found from the third

term of the series:

1 f" (E )U2  1 S'U (1 + mcosQ t)2 cos ot, (IX. 7)
2 g 2 m 0

where m - the modulation factor of radio-noise; Um  - the amplitude
o

of the carrier frequency of the radio-signal; - the modulation

frequency.

Since

2 2
Cos 60 t - 2 + 2 cos 2 W t,

by opening the brackets and ignoring.the low values, we find

the amplitude of the anode current:

-- mSU2 (IX. 8)
Iml 2 m
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The intensity of noise on the tube grid, equivalent to

audio intensity, is determinable from the equation

ml1 S' 2
S S m S m (IX. 9)

Hence the intensity of radio-noise, equivalent to the

signal voltage of audio frequencies on the first tube grid, will

be

2U --nj- wS
U (IX. 10)

0 mS'

This equation permits drawing a conclusion that the rectification

S'
effect of the tube depends on the ratio S , which may also serve as a

criterion for the selection of the tube for the first amplifying stage

of the preliminary or gondola amplifier.

Example. We assume that the threshold pickup of the apparatus

on frequency 974 cps is 10- 7 a/m and that the admissible voltage

U from the radio-noise should be five times less than the
a. noise

threshold value of the usable signal voltage E at the output ofC

the magnetic field detector. Moreover, we have the following

parameters of the field detector: Sd = 10 -a- Qkg - 2 0.

According to data (132), taking into account the equation

(VII. 3) for the signal, E s 2.7 mkw.
E

Considering that voltage Uanoise 5 should not exceed

0.5 mkw, we determine from formula (IX. 10) the admissible voltage

of radio-noise U , equivalent to the voltage of the audio-frequency

signal of the first tube grid. For calculations from formula (IX. 10)
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it is necessary to know m values (we take m = 0.9), S and S'.

The derivative S' is easy to determine by tests from character-

istics i = f(U ) at Eg . const, where Ua - the voltage on the

tube anode. For operating the circuit by the tube 6)iKJ1 it is

determined that S = 0.8 ma/v, and S' = 0.33 ma/c
v 2 . After

substitutions in formula (IX. 10), we get Un = 1.6 mv.

If the frequency of radio-interference from the orbadcasting

station fb.s. considerably exceeds the resonance frequency fo of

the magnetic field detector, the setting pattern at the input of

the measuring apparatus changes to some extent. Indeed with 
O  LK =

0

1 when b.s > o' the principal energy of outside

interference is sensed by the inductance of the field detector,

since 0b LK 1 ,C and b.s LK > 4. Therefore, it
b.s. o

may be assumed that

1

U =E .cC o  o f. (IX. 11)
S W-B.CLk B.C

where Ed - the voltage at the input of magnetic field detector, and

f
0 6,28 Lko

Let us determine the electrical constituent of the Eb. s field,

affecting the magnetic field detector in these conditions and

inducing on the first tube grid signal Ed . It is a known fact (165),

that
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E = h' E (IX. 12)

.where hd - the virtual height of the magnetic field detector,

equivalent to the receiving antenna, which is not tuned into

resonance in respect of the radio-broadcasting station field.

In this condition, for h' we will have

2 "J fB cCn Q '
h' = , (IX. 13)

a 3. 10

where the quality factor of the circuit on the frequency of the

. rsLK
radio-station Q' -

r

Having substituted equation (IX. 13) into equation (IX. 11),

we obtain

U 3 • 10EB.C= U 10(IX. 14)
f o h' n k

B.C

If U d = 1.6 my on frequency f = 974 cps and Qk = 20, then uith

the frequency of the carrying radio-sation fb.s. = 1000 kcps it

will be

-3 3'10E = 1.6"1 -  "1 0 2 0.65 v/m.
Ebs" 6.28'974.780.20

Assuming that the field density of radio-interference,

considerably removed from powerful broadcasting stations, is

0.1-0.05 v/m, then according to the given estimate the
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receiving frame is a sufficiently good filter of low frequencies

and assures the normal operation of the receiving and measuring

devices in these conditions. The short-wave interferences are

suppressed by the receiving frame to an even greater extent.

More dangerous are interference impulses, for instance the

interferences from radio-locating stations. Their magnitude could

be so great that the normal operations of the apparatus could be

disrupted. However, an interference of this type is invariably of

short duration and, in some areas of aeroelectric prospecting,

such interferences could generally be absent. Moreover, there are

circuit which permit the interference impulses compensating

almost fully.

In industrial areas and in electrified villages, interferences

from high-power transmissions, telephone lines, etc. can create

certain difficulties for the survey. It is particularly difficult

to build-up protection against the comparatively high level of

interference from telephone-telegraph lines and the lines of radio-

broadcasting due to their wide band of frequencies, which

encompasses practically the whole operating frequencies, range of

the electroprospecting apparatus. In the actual conditions of

survey, when the investigation areas are invariably selected far

away from industrial objects and the indicated interferences are

hardly expected, no special protection against these interferences

has so far been provided in the prospecting apparatus.

4. Apparatus noise,

The apparatus noise in aerial electric prospecting is that
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originating from the disturbing factors directly in the apparatus

set, and possibly due to intrablock parasitic coupling. The

latter could, in certain conditions, cause the appearance of so

called parasitic inducting*on the receiving-measuring circuit,

i.e., result in the emergence of specific interference.

Apparatus noises usually originate due to the following causes

the presence of powerful generating units in the direct vicinity

of the measuring and receiving instruments of the near zone methods

and working, as a rule, on the same frequencies; the operation of

various transformers (voltage, current or frequency) in the

apparatus set, meant for energizing individual assemblies, blocks

or units or for the control of their operation;

the recording of measurable quantities by recorders with

motors and mechanisms for marking the limits of recording, guiding

lines, etc. :

the action of parasitic couplings inside the apparatus (for

instance, coupling through general resistances, capacitances or

inductivity):

by the jumps of direct-current voltage with cut-in of various

auxiliary devices:

the inducting caused by the presence of intra-apparatus

electromagnetic field, etc.

Due to parasitic coupling between radio-electronic units and

assemblies, pertaining to the supply system, specially with the

use of the alternating current network (for instance, with frequency

*Parasitic inducting means transmission of voltage from one element

(assembly) into another, not provided for by the diagram or design of
the apparatus or arrangement.
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400 cps), there is the possibility of appearance of a background

with frequency equal to, or a multiple of, the supply frequency.

In considering parasitic induction, the matter is usually

concerned with the source of the inducible voltage, the receiver

of inducible voltage and parasitic coupling between them. To

define them directly is the most difficult problem in the elimination

of parasitic inductions.

Various forms of parasitic couplings and inductions in radio-

technical apparatus and possible measurcs for controlling them were

analyzed in considerable details in a number of works (23, 45). Let

us analyze briefly the main ones of these, namely, those which are

in some measure characteristic of the apparatus of aerial electric

prospecting.

Parasitic coupling through common resistance is effected most

frequently through resistance consisting of the inner resistance of

power supply sources, the control circuits of radio-unit operation

and the resistance of connection wires.

In the parasitic coupling's circuit of this type (Fig. 100),

the currents of all frequencies are transmitted through the circuit

of the source of power supply, composing the signal spectrum of the

inducting source. These currents cause voltage drop on all resistances

cut into the power supply circuit. A part of the resistances composes

the common resistance of coupling Zcom, cut into the circuit of the

induction receiver, and the voltage Un, taken off this resistance, is

the main induced voltage. Generally, the resistance value of

parasitic coupling depends on the frequency of the inducible voltage.
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For low frequencies, this resistance is made up mainly of the

direct current resistance of connecting wires and the capacity

reactance of the output capacitor of the power supply filter.

Therefore, at low operating frequencies and with low frequency

source of induction due to insignificant Z the induction
comm,

voltage U. is also insignificant. On some high frequencies, where
1

the inductance effect of connecting wires and distributed

capacitance of cabling is quite appreciable, with an infelicitors

combining of the value of these inductances and capacitances,

the Z may be considerable, which will result in increasing the
comm

U. also.
1

Parasitic capacity coupling is caused by the presence of the

common metal chassis, with which the connection of some points in

the circuit of the measuring device is made. This coupling is

dangerous on high frequencies, since with this connection, excuted

directly or through the blocking capacitor, the appearance of high-

frequency voltage between each point of the aircuit and the body of

the device is possible.

C

cmo0HuK numaHug uau
cxeMa npAleMu R . . .

A B
,,a b z------ -

HC O UKCnop
npUeMHUK 1 Z6

lOadOO H 6OOKU _11Ue ,

a, Pickup source; b, Pickup receiver; c, Power source or control
system; d, Zgen; e, Ccarrier. ---- -

- -ig. 101

The circuit diagram of the parasitic capacity coupling is

shown in Fig. 101. The voltage divider consists of two resistances -
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capacity reactance Xpa r and ballast resistance ZB . If at some

point A, the voltage in relation to the body is E1 , then at

point B, coupled with point A by parasitic capacitance Cpar'

induced voltage Ui, appears, the intensity of which is determinable

by the ratio of capacity reactance

X = 1
par J 0 Cppar

and total ballast resistance Zb between point B and the body. The

intensity of U. can be determined from formula
1

. ZbU =E b (IX. 15)h h Z + Xnap  (IX. 15)
b nap

Hence it follows that the voltage induced at point B will be all

the higher at the least capacitance X and the highest resistancepar

Zb

In some cases, resistance Zh could be the resonance resistance

of LC-circuit, tuned to frequency C0o , of the induction source. If in

this case Xpar > Zb, then from (IX. 15) we get

Z j CO C jCna p
Ub o E Cnap Eh  Cnap (IX. 16)

h h Eh Xa oCd h Cd
nap o .

where C - the capaeity of resonance circuit, and de - its equivalent

attenuation.

Parasitic flux linkage. In conductors subject to the effect of

the variable magnetic field, there is excitation of variable e.m.f.,

the intensity of which rises with increasing frequency. The equivalent
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circuit of flux linkage is shown in Fig. 102.

In the presence of outside wire AB, both the elements of the

circuit are flux-linked. The intensity of coupling is determinable

as mutual inductance M1 of AB wire in relation to the induction

source or mutual inductance M2 of the same wire in respect of the

induction receiver, as well as by the total resistance ZAB , which

has an outside wire in relation to the body.

a. b Key to Figure 102:\

Nfcmoux flpueMnU a, pickup source;
HaUM- odox b, Pickup receive23

Fig. 102

Parasitic coupling through electromagnetic field leads to the

appearance of methodical interferences, which are being analyzed

below; this is characteristic of the induction methods in aerial

electric prospecting, specially in the methods of the near zone.

Jump of direct-current voltage is the cause in many cases of

high-frequency induction along the circuits of parasitic coupling

in the elements of the apparatus containing resonance circuits

(builds up impulse excitation or ringing). Each jump of voltage

or current in the circuit corresponds to one high-frequency

attenuating impulse (Fig. 103). Parasitic impulse excitation is

possible with the cut-in of individual devices during the

operating period of the measuring apparatus, for instance of

recorders. In this case, there is an appearance of induction, the
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intensity of which increases with the application of amplifying

systems with high amplification factor, when the jump of the

voltage is quite sufficient to bring up low power at the input to

intensities, which may build up an appreciable interfering effect

at the output of the measuring device.

de voltage jup
t.o

I damping oscillatory process

Fig. 103

The above indicated parasitic inductions are eliminated

mainly by rational selection of block constructions, their careful

electrostatic and magnetic screening, reasoned and well - executed

arrangement according to the recommendations of a number of works

(23, 49, 194).

Apparatus interferences also include the fluctuation noises of

the field detector, the input circuits of measuring devices and the

microphonic noise in these circuits. These interferences result in

the increment of the basic error of measurements by measuring instruments,

which is quantitatively estimated in Chapter XIII.

5. Interferences from the aircraft.

An aircraft, inasmuch as it includes a set of electro - and
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radio-equipment, rotating elements building up sound oscillations,

is a source of interference for the highly-sensitive measuring

apparatus of aerial electric prospecting set up on it. These

interferences are specially high in helicopters, heavy and

medium planes. In the event of the field detector being located in

the direct vicinity of an aircraft or at some of its parts (for

instance, rigid and combined arrangement of the source and receiver

of the field in the apparatus of the induction method) these

interferences increase sharply.

Let us analyze the main types of interferences from the

aircraft.

Acoustical interference. Noises of the working engine and

rotating propeller blades of the plane or helicopter cause in

the field detectors accoustical interference. The effect of sound

wave may cause changes in the corresponding reciprocal position of

the loop and the rod in the coil of field detectors, in the

geometrical dimensions of core made of soft magnetic material, etc.

As a result of this induction appears on the operating.frequency.

The investigate accoustical interference, the following

experiment was conducted during development and the tests of

apparatus for the BDK method. The microphone and the ferrite

receiving coil were placed on rubber, stretching inside a special

sound-absorbing box (upholstered inside with felting and having a

removable cover). The whole system was also shock-proofed and placed

on the tail beam of the helicopter MI-4. During the flight, the

interference was measured, first with closed cover and then with an
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open one,in the receiving coil and in the sound pressure in the

microphone. In the second case, the intensity of interference in

the receiving coil was reduced to some extent, whereas the sound

pressure decreased ten times. This indicates that although the level

of acoustical interference is negligible as compared to vibration

interference, it has nevertheless to be taken into account.

The tests carries out afterward on the ground have shown that

the acoustical interference is approximately equal to the atmospheric.

Thus, on frequency 1000 cps, some increment of acoustical interference

in respect of the atmospherics level (from 8.10 - 8 to 6.4.10-7a/m) was

evident with the operating engine of the helicopter. The same results

were obtained on frequencies 80-4000 cps.

Therefore, the field detectors, located in the vicinity of

acoustic noise source, should be, -ound-proof. Consequently it would

be expedient to use a frame filled with sound-proof material, such as

felting, foamrubber, cotton-wool, etc.

Interference from electric and radio equipment. The main sources

of these interferences are the ignition system of meters and electric

generators of the power supply network of planes or helicopters.

The measuring of levels of these interferences and determination

of their frequency range, for instance, in IL-14 plane, have shown

that with insignificant removal from the aircraft the interference

level considerably decreases and, beginning from approximately 20-25 m,

is practically unchanGable, remaining equal to the general level of

interferences, sensed by field detectors with non-active electric
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equipment.

Similar investigations were carried out on MI-4 helicopter.

it was established that bringing out the field detectors into the

outboard gondola at a distance of over 20 m for the plane and 10 m

for the helicopter reduces interferences to the level of atmospherics.

Therefore, with the removal of field detectors to the specified

distance, interferences from electric equipment need not be taken

into account. As regards the frequency spectrum, the tests have

shown that it completely encompasses the operating frequency range of

the apparatus in aerial electric prospecting (70-10,000 cps). The

interference peaks are evident in the range of 100-500 cps and on

frequencies in the order of the first tens of megacycles.

With the disposition of the receiving elements in the direct

vicinity of the motors the level of interferences of this type

considerably increases and may exceed tolerance limit. Instead of

the usual "smooth" interferences, in this case there is the

emergence of impulse interferences of various level and recurrence

frequency. Therefore, in this case, there should be careful

screening of field detectors and protection against the sparks of

ignition circuits and power sources of board-network and board-

apparatus.

The radio-equipment of the aircraft and instruments of

navigation are also interference Sources for the apparatus of aerial

electric prospecting. Specially interference from the aircraft

radio-station. Therefore, as pointed out, simultaneous operation
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of the radio-station and the prospecting apparatus is impossible.

Radio-compass and radio-altimeter are practically non-

interfering or their effect is negligible with proper screening

of the input circuit of the amplifying channel. More likely, the

prospecting apparatus interferes with their precise operation.

Therefore, these instruments require correction in their indications

in flights with the apparatus.

It would be relevant to mention here that there is

unfortuntely, no complete information arailable regarding

interferences during the flight of any one aircraft, which interfere

with the operation of the set up electroprospecting apparatus. This

should be kept in view when working out the method for aerial

electric prospecting.

Here is a method for investigating interferences on board the

aircraft. On the MI-4 helicopter, the investigation, first of all,

is of the effect of electric and radio equipment on the magnetic field

detectors, set up at various points in the cabin and outside it.

This is necessary to define the possibility of setting up multiturn

coils with or without cores directly within the cabin of the

'helicopter, add also for obtaining the alignments of the helicopter

in flight with the set up of all measuring and recording apparatus

inside the cabin (the apparatus would then be in the center of

gravity of the helicopter). Moreover, it is also necessary to

determine the possibility of reducing the effect, on receiving

elements, of interferences from the electric and radio equipment

of the helicopter and of the measuring apparatus itself, set up on



- 307 -

board, by scattering in space the source and receiver of

interferences.

The effect of interference by the electric and radio equipment

of the helicopter on the receiving elements was determined according

to the diagram shown in Fig. 104. During the tests, the ring-shaped

coils 1 were in the shaft cut in the floor according to the center

gravity of the helicopter. To the left of the receiving coils block

was the measuring apparatus 2, to the right - power supply sources 3.

Next to the coils were the batteries of the helicoptor 4. The

receiving unit with ferrite receiving antennas 5 was placed on the

tail of the helicopter.

The ring-shaped receiving coils were meant not only for

measruing and the study of interferences within the cabin of the

helicopter, but also for investigating the behavior of the spatial

horizontal and vertical components of the cable's field during the

flight of the helicopter at various altitudes, etc. At other

points, interferences were measured by a portable ferrite receiving

coil and by a unit, the diagram of which is shown in Fig. 105. As

analyzer of harmonics, the analyzer of infra low frequencies,

devised by L'vov polytechnical institute, was used. Frequency range

20-8000 cps, Q-factor of selective amplifier in operations within

narrow band - 25.

To separate the interferences of electromagnetic origin,

inducible in receiving elements, built-up by the electric equipment

of the helicopter and the measuring apparatus itself, from those

caused by vibrations, the mechanical, coupling was preliminarily
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dislocated between these devices and the helicopters body (the

use was of a special system for protection against vibration).

The first experiments with the apparatus, set up in the

helicopter, have shown that the integral level of interferences in

the range 40-8000 cps, which takes place in the cabin during the

flight of the helicopter and equivalent field density 2.4"10 - 3 a/m,

is reduced by five-ten times on the ground; other interferences

inside the cabin were considerably less than those indicated.

Interferences during the flight increased with the cut-in for

charging from the board generators of direct-current batteries by

means of board automatics.

a, Power block (dc sources); b, Receiver
coil; c, Wideband amplifier; d, Harmonic
analyzer.

5,no numanus

a (ucmoivHuKu nocmo-

SRHHoeo nanplmleHnu~

flpueunras WupOKO AnHou3GmopnoiOCHbiL
KamyLuKU yCJumelb gapAMHuK

Fig. 10o4 Fig. 10

Undoubtedly, the obtained level of interference is too high.

This is easy to ascertain by comparing it with the level of the

useful signal in the zone farthest from the cable in the range of

the operating frequencies for this method for any resistivity with

nominal current in the cable. For instance, for frequency f = 200 cps

with resistance = 102 ohm, m, I = la at distance x = 10 km we get

(Hx ) = 0.8 10- 6 a/m. Thus, the integral interference may exceed the

useful signal by a factor of 102 or 103 .



- 309 -

The characteristics of the level of interferences, measured by

means of harmonics analyzer on fixed operating frequencies vs. the

operation of one or the other unit of the helicopter and the

apparatus inside its cabin, are shown in Table 13.

Table 13

Interferences equi- Interference equi-
Operating sequence Operating valent to tension of valent to tension of

of apparatus in frequency, horizontal component vert. component of

measuring interfer- cps of the field, field, 10-6 a/m
ences -6 a/m

10 a/m

Cut-in of apparatus
Cut-in of transformer 976 0,1 0,1

MA-500 (115v, 400 cps) 976 3,6 3,2

Cut-in of transformer
PO-45(18v, 110-125 cps) 976 0,3 0,3

Cut in of transformer
P0-45 and according
circuit 976 6,4 3,5

Cut-in of helicopter
motor (screw not
rotating). 976 3,8 2,5

Disconnection of batteries
and measuring apparatus
(helicopter in the air). 81 120 - 260 120 - 240

244 39 - 90 80 - 120
976 8 - 25 8 - 16

N.B: The result of measuring interferences from the electric equipment

of the helicopter and of the measuring apparatus are given mainly for

frequency 976 cps.
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According to Table 13, the lowest level of interferences is

evident on the ground, when the practically possible are only

atmospherics, apparatus noise, etc. With the out in individual blocks,

interferences increase and specially sharply during the flight.

Interferences from individual consumers of energy from the network

of the helicopter are, on the whole, not very high, except for these

from the recording circuit. Hence it follows that interferences,

equivalent to the intensity of the field's vertical component,

correspond approximately to these equivalent to the intensity of the

horizontal component.

Experiments were also carried out with the aim of elucidating

the distribution of interferences within the cabin of the helicopter,

their directional characteristics, where theyare minimum, etc. It has

been established that interferences inside the helicopter cabin

actually change very little even with changes in the orientation of

the field detector in space. Investigations to define the points of

low level of interferences from the electric equipment inside the

cabin made it possible to determine that they are low at the initial

point of the tail beam and decrease towards its end. The same

interferences sharply decrease with carrying out of the field

detector into the outboard gondola at a distance of 5 m and ever:

Distance from holicopter, m ...... 0 3 5 10 15 20

Interference level, mv ............ 12.5 5.0-5.6 3.0 2.2 2.2 2.2

Thus, on the basis of these experiements, it was defined that

the lowest level of interferences of electrical origin is at the tail
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beam and in the outboard gondola and, moreover, that their level

inside the helicopter cabin exceeds all other interferences, except

radio interference.

Simultaneously, determinations were made of the effect of

operating radio-stations and radio-altimeter, as well as of navigational

and other instruments on board the holicopter on the receiving unit,

placed on the tail beam and in the outboard gondola. The receiving

unit consisted of the receiving coil and. the preliminary wide-band

amplifier with negligible amplification factor (K = 10).

The action of the radio-altimeter did not change appreciably

the level of interference in the field detector, placed in the

helicopter cabin, or in the outboard gondola. Only when the field

detector was placed on the tail beam close to the radio-altimeter

antenna itself, was its effect perceptible.

For the frequency of radio-channel (main phase) interferences

from the electric equipment of the helicopter (chiefly from the ignition

system) on frequencies 20-40 mega-cycles with rod aerial X /4 have

magnitude 10-20 my (sensitivity threshold of receiver 5 my). One of the

ways to reduce this interference is to shorten the coaxial cable,

connecting the input of the receiver with the antenna and pushing it

out from the helicopter cabin through a hole in the floor, made

approximately in the center of helicopter's gravity. In this case,

with the length of the connecting coaxial cable 2.5 m it was possible

to reduce interference to 2-3 my.
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Other interferences. Other "inconstant" interferences are

also evident in the helicopter and affect, to a certain extent, the

measuring channel of the useful signal as well as the channel of the main

phase.

The interference most difficult to remove is the one in the

radio-channel from the rotation of the big screw. With the turning

of the helicopter, and sometimes with flights ever broken ground,

amplitude variation of carrier frequency of the type of "beat" was

evident. The beat amplitude varied in a wide range, and its frequency -

from zero to tens of cps. The origin of this event is of a highly

composite nature and is, apparently, connected with signal reflection

from the rotating big screw, the equivalent "area" of which with

rotation of four blades is about 350 m2 . The variation of the

reflection phase and other manifestations build up conditions, at which

the "beats" of the main signal begin. As a result, distortions appear,

which lead to the spread of indications in recording (86). This effect

could be attenuated by applying in automatic gain control and limiters

in the measuring apparatus.

6. Methodical interferences.

Methodical error in aerial electric prospecting means the

varying signal, induced by the primary field source in the magnetic

field detector due to unstable geometry of the system of the oscillating

frame - field detector. To methodical interferences may also be referred

the interfering signals, caused by the incorrect set-up of the field

detector in relation to the oscillating frame or the variation of its

orientation during the survey. However, for convenience in reciprocal
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comparison of the different versions of the aerial induction method,

these interferences are analysed separately from the methodical ones

(117, 128, 132).

Methodical interferences are inherent to the apparatus of all

versions of the aerial induction method. In the apparatus of other

methods, their role is insignificant (63, 132, 148, 208, 263). They

emerge mainly due to "bumping" of the gondola during flight, when the

field detectors are in the ouLboard gondola, and the oscillating frame -

on the aircraft itself. These interferences also arise in the event of

using two aircrafts, since it is practically impossible to assure

reciprocal stability of their flight. Even insignificant changes in

the position of the magnetic field detector in relation to the

oscillating frame result in the appearance of a signal of such a type

which is the predominant total interference and finally determines the

efficiency and practical value of one or the other version of the aerial

induction method.

Quantitative and qualitative analysis of methodical interferences

makes it possible to choose a well-founded version of the induction

method for resolving concre!;e geophyuical pro'.b!cris. Therefore, the study

of the nature of these interferences should be i.n greats det,-il..

We sMall analyze methodical interferences with the use of the

calculated ratios obtained in Chapt. III and with consideration of works

(35, 63, 69, 128, 132, 208).

Let us take first the versions of the induction method with one

aircraft, when the field detector could be placed at points P1, P2 ' P3
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and P4 (see Fig: 29), angle comprises respectively 0; 45; 65 and 900.

We analyze the variations of vertical and horizontal components of the

primary field in the general case, i.e., within the variations of

angle 0 from 0 to 900. The initial formulas for calculating these

components are the following:

m

8H (I + 3 COS 20) = A (I + 3 COS 20); (IX.17)
8 R T3 2

3m
H 3mz sin 20 = - A sin 2e, (IX.18)r 8 3 2

where A - constant (parameter) of the method's version,

m
z

A=:

From formula (IX.17) it follows that if 0 = 54045 ', the vertical

component won't be present, If = O, H = H v.m and if = 900

H Hv 2 v.max

The horizontal component, as follows from formula (IX.18), is

not present, if e = 0 and 0 = 900, and has the maximum value at 6 = 450.

Variation of geometry of the system (i.e. variation of angle 0)

results in the appearance of methodical interference, the intensity of

which is determined by the location point of the field detector, the

value of the measurable component of the field at this point and the

variation range of angle 4Y (magnitude of 4 e).
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Let us determine the value of increments A H for the
V

vertical and A Hh for the horizontal components of the primary field

with variation of angle 0 to the extent of A e.

Expanding functions Hv = F1 (6) and Hh = F2 (e) into Taylor's

series and taking into account only the terms of the first order of

smallness, we get

AH "= S = - 3A sin 2e. 6,; (IX.19)

t H = ZLA = 3A COS 2a NO. (IX.20)

From ratios (IX.17) - (IX.20) it is possible to determine the

absolute dimensionless values of the vertical and horizontal components

(i.e., the intensity of interference)

HB  H
X B rB A ' r A

for any location point of the field detector within the range 0-900.

For the vertical component

HB I
XB A I =- (I + 3 COS 28). (IX.21)

Similarly, for the horizont.l component we get

H
X = - sin 20. (IX.22)
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From the given ratios it follows that the absolute magnitude

of interference X for the vertical component will be maximum at
V

= 0 and e = 900, and interference Xh for the horizontal

component - at = 450.

It should be mentioned that not every position of the magnetic

field-detector (at points P1 - P4), and all the greater variations of

angle 0 within a wide range can meet the requirements of the safety

technique for piloting the aircraft; therefore in calculations we

take the variations of angle 0 within + 50, permissible from the

standpoint of safe piloting.

Let us analyze variations of the vertical component at points

Pi - P4 and of the horizontal component at 
points P2 P3 of the

practical location of the magnetic field detectors. For this we

determine the maximum relative variations of the primary field

components, termed in percentage of their values at the above pointsof

observations (L = AH * 100, %), for several increments of
H

Lk\ within + 50.

To raise the accuracy ofZH determination for low increments

<(fie 20) we will use formulas (IX. 19) and (IX. 20) with the

estimate of terms of the second order of smallness, and for high

increments ( >0 2.50) we use formula

S1 + e) - F 100oo, % (IX. 23)

Thus, in the first case
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SH B  - 3A sin 2e6 - 3A COS 20( & 4-)2 ,  (IX.23a)

SH = 3A COS 28 6 6 + 3A sin 26( A e) 2

For point P1, at which 0 = 00, we have

aL B = - 3A ( A 0)2. (IX.24)

For point P2, at which 0 = 450 , we will have

akAB = - 3A ; Hr = 3A( H r)2. (IX.24a)

For point P , at which - = 650, we obtain

AHB - 2,3A A. + I,93A( ~ 2; a) Hr

I,93A INe + 2,3A( 8) 2 .  (IX.24b)

For point Pq, in which 9 = 900, it will be

aL HB = 3A( A e) 2 . (IX.24c)
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TABLE - 14.

Variation of angle 4 (+ a s)
Observation point
and components valu
at these points. 0012 0 30' 1 1 30' 2 230' 3 40 5

P1 (& =0);
0 0.01 0.05 0.11 0.18 0.29 0.43 0.73 1.14

H = 2A

P2 ( = 450);

2.14 5.28 10.5 15.7 28.2 31.4 41.7 52.4

HB = 0.5A; 0 0.02 .7 0-.17 ~ 0 .25 0.97 1.52

H r = 1.5A

P3(~e-=65 0 );

H = -0,46A, 0.85 3,48 7.96 12.5 17.3 22.4 26.8 36.5 46.2
B 31. 1,70 2.7 .27 (7-1 782 127

H = 1,15A

P4 ( = 900);

HB = - IA 0 0.03 0.09 0.21 0.36 0.58 0.85 1.46 2.28

B.B:- The numerator shows the relative variation of the vertical,
denominator - of the horizontal, components of the primary
field.

With known constant A, it is possible to calculate the value

of the component at a given observation point and its relative and

absolute changes with variations of angle O in t".e limits shown above.

This makes it possible to determine the magnitude of the signal,

induced in the field detector (assuming, that the constant of the field
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detector Cd is known) by the constituent of the primary field and

its variation, for comparing this signal (interference) with the useful

signal from the sought for anomaly.

The data of Table 14 permit drawing the conclusion that the

least methodical interference is typical of the induction method

versions, in which the field detector is placed at points P1 or P4

during the measuring of the vertical component and at point P2, when

measuring the horizontal component. it should be mentioned that for

these versions of the induction method additional electric compensation

of the direct signal is required in measuring part of the apparatus,

since here H 11I 0 and H.R - 0.

Analysis shows that for the induction method version with -= 650

(apparatus AERI-2) methodical interferences are quite high; therefore,

this version is optimum as regards stability against interference

(21, 128, 132).

It is definitely of interest to know the nature of variation

of the angle of inclination of the intensity vector H of the primary

magnetic field to axis OZ for points P1 and P4 with the variation of

angle 0 within the indicated limits.

H
= arctg = arctg 3 sin 2S

B 1 + 3COS 28

This is necessary for estimating the methodical interference

of two-plane version with linear polarisation of the field. The

corresponding calculations are given4n Table 15.
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TABLE-1 5.

Observation Variation of angle 0 (+ i . )

points oO 30' o 30' 20 20 30 40 0

P1 (Q = 0) 00 38' o 10 30' 20 15' 20 59' 30 46' 0 40 30' 50 58' D 70 31'

P4(er= 900) I 1 ° 18' 3 0' 40 30' o 5 58' 70 28' D 30 58' 110 56' 0 140 52'

N.B: At point P1 at (0 + A0) the value should be taken

with plus sign, at (8 - b a) - with minus sign, and

at point P4 at (&-+ A-e) - with plus sign.

The apparatus of the induction method with oscillating and

receiving frames rigidly interconnected and placed at distance one

from the other requires an intense and stable geometrical or electrical

compensation of the direct signal. Geometrical compensation is obtained

by a corresponding disposition and cut in of the receiving frares

(see Fig. 31, 106). Here, depending on the set-up of receiving frames,

it is possible to measure both the vertical and horizontal components

of the field. However, as shown by the data of Table 14, preference should

be given to a diagram, meant for measuring the vertical component.

0Y
2 2

PAlc. 106.

Fig: 106.
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The relative increment of the field in this diagram with

uniform and simultaneous displacement of the field detectors in

relation to the preset position (most unpleasant case) should be

doubled.

Let us consider the induction method with the receiving

frame at center O', as shown in Fig: 32 (Z = 0, Y = 0). In the

determination of methodical interference for this version, it is

necessary to vary not the drift angle of the gondola, as in other

versions, but the shifting of the magnetic field detector relatively

to the center of the receiving frame, termed, for instance, in

percentage to the radius of the oscillating frame. This variation of
of the

the geometry/system: is brought into formulas (111.32) for determination

of the increment of components H and H .
y z

Let us take three practical cases of varying the geometry of

the system.

1. The shifting of the field detector occurs only along

the line O'Z', to an extent of A z , determinable in

fractions of radius R ( Az1 = 0.0005; 0.001; 0.005;

0.01; 0.015 and 0.02 R).

2. The shifting of the field detector occurs only on line

O'Y', i.e., along the radius R of circular circuit, to

an extent A. y, determinable in fractions of radius R

(& hy = 0.0005; 0.001; 0.005; 0.01; 0.015 and 0.02 R).

3. There is spontaneous shifting of the field detector in

plane Y'C'Z andj = A z .
1 O
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Here are the initial formulas for calculating the

compenents H and H :
y z

Po PO

A th75 Iwat fTo 0.7 Im

2 z 2

H y = A R 5yo I - -- (3R2 - 4z2  )

(IX.25)
Hz = A R I - (R2 - 4z 2

P0  PO

Determining, generally, the increment of components with

expansion of Taylor series. In this, it should be kept in view that

= (R - y) + z2

Pm mo

The increment of component Hy with the change only of coordinate

zo (y = O) will be
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Y(zo = Z 2a (zo 2 = ; (IX.26)
Y o o

z = 0

with the change only of coordinate y (zo = O) we have

H'a1  1 / 2
S2 1 ( y)2 = 0 (IX.27)

Y ) j 2=}
y=o

The increment of component Hz with the change of only the

coordinate z (y = O) will be

(zo) = - ~ o + z2  (a Zo)2, (IX.28)

Z -0 OZ =0Z =o
O O

with the variation only of coordinate y (zo = 0) -

A(y _ z 2Hz ( y)2. (IX.28a)

y Y=o Y y
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The increment of component II with the variation of both the

coordinates y and zo will be

-hI(y.Zo) = -z Ay + aHY L Z
y z o

Sy o y=O
Z =0

O

r 2H 2  2H
+ L V Y ( y)2 + o o( z (IX.29)

yazo zo jy=o
zo=o

and for component H in the same conditions

AH(YZo) - z z + --

O z y=o
O0

2 2 +2 2o
AN Zy2 - 2 O30)

S0y=o

o
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For the first case of changes in the geometry of a system,

when y = 0 and = R2 + z , we fined from formulas (IX.25); (IX.26)

and (IX.28) that

(Zo) (Z ( Zo 2 1 Zo2 (IX .31)
y 0 z

(for H o the term of the first order of smallness, i.e., the first

Z

derivative at point zo, converts into zero, therefore, the sought for

increment determines the term of the second order of smallness, which

at z = 0 has a finite value). Therefore, the given variation of the
o

geometry system of the affects the field detector, which perceives only

component H .z

For the second case of variation of the geometry of the system

when zo = I and p = R - y, we find from formulas (IX.25),(IX.27) and

(IX.28a) t!hat

k (y) 0; h,(Y) YyH )= 3A

H = = AY = -- Y (IX.32)
y z 2 Y y
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(here at z = 0 the term of the second order of smallness is equal to

zero; therefore, for determination ofAHz , we shall use the term of

the first order of smallness, which at zo = 0 has finite value).

Thus, in the first, as well as in the second, case the

variation of the geometry of the system affects only the field

detector, which perceives the vertical compenent Hz of the primary

field. In both the analyzed cases

A, 0.5Jm
H () = ; H (0) = (I )
y z R

For the third (general) case of variation in the geometry of

1-)2 2
the system, when =(R y + z , and z =zo = y = y, we get

from formulas (IX.25),(IX.29) and (IX.30)

AH y.ZZ = -A YLZ ; (IX.34)

yyo R

zy=o

y
(yZ  Y = - A Y. (IX.35)

Z =on
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as the remaining terms in expansion of (IX.29) and (IX.30) convert

into zero at y = z0 = 0. In this case, the variation of the geometry

of the-system will affect both the receiving frames.

On the basis of the given ratios, similar to the preceding,

we calculate the relative variation of the field's intensity ( ,

at the adopted displacement of the field detector, i.e. determine the

methodical interference. For 0.015 R and 0.02R the intensity ofL.

we calculate from formula (IX.23) (Table 16).

The resolution of the equation (IX.25) in relation to its

maximum in the near zone by the approximation method, required in the

third case for calculating the relative variation of H component of

A
the field's density H, gives y = z = R and H 0.204 -

0 y max R

TABLE-16.

Direction of Displacement

displacement O,0005R O,001R 0,005R O.O01R 0O.015 R0.02R

A1
Along the line H=

z= B

O'Z'
H = 0 0 0,00025 0,00375 0,015 0,035 0.06

yA

tlong the line Hz= R
O'Y' 0.15 0.30 1.5 3.0 4,7 6,3

H =0

In plane H 0

YOZ 0,204 O,00013 0,005 0,013 0,052 0,12 0,22

A
H- 1
z 0.15 0.30 1.5 3.1 4,7 6,3



- 328 -

The data of Table 16 make it possible to assume that the

highest methedical interference is built up during the measuring

of component Hz from displacement of the receiving element along

the axis O'Y', and also from its displacement in the plane Y'O'Z.

During the measuring of H y, the methodical interference is considerably

less in both the cases. However, it should be kept in view that the

nearness of the field source to the detector in these versions of the

induction method may give rise, in the field detector, to a signal

considerable in absolute intensity, although the relative variation

of its intensity may be negligible. Therefore, at first, calculations

of the density of the field affecting the pertinent field detector

(specially in respect of the component Hz), should be made, then the

intensity of the direct signal, induced by the primary field in the

field detector (taking interference into account), should be compared

with the assumed intensity of the useful secondary signal.

Let us carry out a comparative estimation of methodical

interferences in the two-plane version of the induction method. For

this estimation with the use of the circular rotating magnetic field,

it is necessary to calculate the difference in amplitude of components

for the allowed deviations of angles e and 9P with changes in the
geometry of the system.

As follows from Fig: 16 and 33, the components of the vector of

intensity of the resultant field P will be Hr and H', the values ofx z
which are determinable from formulas (111.34). The receiving frames,

placed at point P, are meant for receiving the indicated components.
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For the determination of methodical interference, caused by

changes in the geometry of the system, we deduce ratios, which totally

reflect variations of c.m.f., induced in the receivers, through the

corresponding vari:.tions of the field's components Hr  and Hr , affectingx z

these receivers.

dF
Since in the receiving multi-turn frame e = , in this

case it may be assumed that e.m.f., excited in the field detectors by

components Hr and Hr , are determinable from relationsx z

dHp  dHp

E - k E - k z
x x dt z z dt

wh re k - the proportionality factor, which takes into account the

parameters of the receiving fames.

The resultant output voltage of thereciveing-measuring channel,

recorded in the composite form, will be

UbU = U - (IX.36)
BblX x z

Here

UP o3K H ; U = U OK Hp  (IX.37)
x xx z

where Kx and K - the proportionality factors taking into account the

parameters, both of the receiving frames and of the wholereceiving-

measuring channel. Usually K = K = K.x z
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Substituting in equation (IX.36) the values Ur and Ur from
x z

the equation (IX.37), we get

U 0 I H (IX,38)

The implication here is that

HP H =a CCO&t - b sin 6O t; (IX.39)

JH T COS (t + ) - b sin (eot + -) = -e sinwot -b COSz zp z 2 z 2 z z

60 t

where Hzr component Hr , shifted in the phase by -zr z 2

The difference of components Ir - J Hr will be
z z

L\ = 0 COS Wt - b sin 60 t + 0- sin WOt + b COS (ot =

= (a + b ) COS Wt + (a - b ) sin6Ot.

Thus

IS = (a~ - bx)sin6Ot + (ax + bz)COS06t =. mSin (W3t +-3-), (IX.40)
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where factors a , b ; a and b are determinable from formulas(III.37)S x z z

and (III.37a).

According to formula (IX.38), the output voltage of the

receiving-measuring channel is determined by the difference Hr _ H r

x z

therefore, the analysis may be confined to this difference vs. changes

in the geometry of the system.

The difference amplitude of components

A.m = a z - b )2 + (a + b) 2, (IX,41)

and the initial phase

a + b
arctg a - b (IX.41a)

z x

Substituting in formulas (IX.41) and (IX.41a) factors ax, bx;

a and b from equations (III.37) and (III.37a), we obtainz z

3m° (COS 2 0 - sin COS2qc ); (IX.42)

2 sin -0 COS 8- COSCP
1 V= arctg 2 2 CO (IX.42a)

COS G - sin & COScp
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The circular polarization of the field corresponds to the

normal reciprocal position of the oscillating and receiving frames

at - = 9= 900 and m = 0. But if angles & and cp di fer from 900,

the m / 0, and there is elliptical polarization of the field,

resulting in the appearance of methodical interference. Let us

analyze three cases of this appearance of interference.

1. With the variation only of angle 6, i.e., ' = 9 O0 + -e,

CP = 900 = const - there is displacement of the field

detectors in plane YOZ.

2. The variation is only of angle q) , i.e. cp = 900 1 /\,

8 = 900 = const - the displacement of the field detectors

occurs in plane ZOY.

3. Simultaneous variation of both the angles, i.e., 9-' (C) = 900

A. (acp ) - there is displacement of the field

detectors in space.

The data of calculations of methodical interference are shown

in Table 17, where it is given in percentage of the intensity of one

of the components with normal position of the frames (A= L. 100%).
m

For this component, it is assumed in all cases that .1 = = const.
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Table 17

Variation of angles -8 -+ Q~ )
Condition 00121 0030' 10 1o30' 20 2030' 3o 40 5o

=90°oo=const 0,004 0,023 0,09 0,21 0,36 O,57 0,82 1,46 2,28

8 =900=const 0,004 0,023 0,09 0,21 0,36 0,57 0,82 1,46 2,28

S 0=a AO c 0,008 0,046 0,18 0,42 0,72 1,14 1,64 2,92 4,56

From Table 17 it follows that both the cases of change in the

geometry of the system produce similar methodical interference, which

is in accordance with the symmetry of the field of two reciprocally

perpendicular fraimes. With simultaneous variations of angles 0 and

to the same extent, which often happens in practice, it is possible to

assume that the maximum total interference is twice that of interference

with the variations of only one angle.

But if we compare the one - and two-plane versions of the

induction aeromethod with the rotating magnetic field, then, as follows

from formulas (III.38) and (III.40), in the first case, the methodical

interference is greater and depends mainly on the location point of the

field detector, i.e., on angle O. This may be explained by the fact

that the primary field at a point, for which angle 0 is neither O nor

900, should be elliptically polarized, whereas with negligible variations

of angle O the elliptical polarization of the field sharply increases,

although at the initial point of location of the receiving frames the

primary field is made into a circular rotating field by means of special
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measures (see chapt.!I).

In conclusion, let us determine methodical interference for the

induction method with linear polarization of the field. This field,

as well known (236, 237), is excited by the horizontal oscillating

frame (by vertical magnetic dipole) and induces in the two receiving

frames e.m.f. similar in intensity, with no phase shift between them.

Taking into account formulas (III.15a), it may be assumed that in

mcasurin the ratio of the output voltage of the receiving device we

will get

U IBbI X  HB COS 450
A I, my = O (IX.43)

U2BbIx HB COS 450

With the appearance of the secondary field, the primary field

acquires an elliptical polarization, therefore, the ratio balance is

disturbed and the phase shift between signals changes, uhich is what

the apparatus records. This invariant system relates to the primary

field, when the possible shifting of the receiving frames occurs along

axis 01 Y1 or with the turning of frames around axis 01 Z1 , as shown by

arrows in Fig: 18. But if the shifting of the receiving frames occurs

in the direction of axis 01 Z1 (the center of the frames shifts from

point 01 to point 0') or they are turning at some angle around axis 01 X1

methodical interference appears from the changing geometry of the system.

In the first case, it is caused by the changing inclination of the

intensity vector of the primary field, and in the second, by changing



- 335 -

the orientation of the receiving frames in relation to axis 01 Z1;

moreover, the projection of vector H on the perpendicular of the first

and second frames varies. The highest methedical interference arises

with the shifting of the frames towards axis 01 Z1 (for point P4 ).

As follows from formula (111.17) and Table 15, for point P4

inclination of vector H of the density of the primary field in respect

of the vertical line (axis 01 Z1 ) varies considerably (by an angle ).

Therefore, the angles between vector H and its projections on the

perpendicular of the first and second receiving frames will differ,

respectively, by 450 + 0 and - 450 + (angle B could be either

positive or negative). The modulus of vector H, determinable from

formula (I1.14), also varies with the variations of angle O. Therefore,

in this case, changes in the geometry of the system cause variation

also of e.m.f., induced in the receiving frames by the primary field.

Thus

H1 = COS 450; H2 = . COS (- 450); Hi = H' COS (450 + );

H; = H' COS (- 450 + ) = H cos (450 - )

In measuring the ratio of e.m.f., excited in the receiving frames,

in the case of changing geometry of the system, it is possible to write

that

E _ ~1 H' COS (450 + ) cos (450 ) (Ix.4)

E2 H2 H COS (450 - ) cos (42 o 45
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where II' is determined from formula (1I1.14).

The signal ratio in respect of the normal, i.e., initial,

position of the frames varies equal to the variation of the primary field

H1  HI

H H !'
S2 2 100 = I 1 100, % (IX.45)T1 H2

H 2 2

since H1 = H2 .

In measuring the difference of signals for the equivalent

methodical interference of field density 11,H, we get from the analogy

with the VP version

III  T.H 1 7 2S , 100 = = 100 =
"1 

H1

.H' I[cCS (450 + L3) - cos ( (5ix.06)= .. 100, (IX.46)
H1

Formulas (IX.45) and (IX.46), and also (11I.14) and Table 14,

enable determnining for the given version of the induction aeromethod

the methodical interference with the variation of angle 8-. With this

we take into account both the possible positions of the oscillating

frame: horizontal and vertical. In accordance with the latter, selection
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from Table 15 of angle is made for point P4 or point Pl. Calculation

is carried out for the most probable and worst case, from the stand

point of the magnitude of methodical interference, of change in the

geometry of the system - when the shifting of the receiving frames

occurs in the direction of axis 01 Z1 (iZe, with the variations of angle

0 within 5 ).

Table 18

Oscillating Variations of angle 0 ( + A ~
frame 0030' 10 1030' 20 20301 30 40 50

Horizontal 4,4 10 0 146 19 23 27,3 34,9 42
3,2 11,1 14,7 22,1 29,5

Vertical 2 2 51 7.6 9 12 4 14 6 190 2
3,7 5,5 7,3 9,3 11,1 1,7 1,5

N.B: The numerator shows value a (%) in measurin- the

signal ratio, the denominator - in measuring the

difference of signals.

From Table 18 it follows that the magnitude of methodical

interference with the vertical oscillating frame is practically half of

that with the horizontal one. This is also confirmed by curves F1 (&)

for the vertical (see Fig.26) and F2(0) for the horizontal(see Fig: 27)

components of the primary field. The big and small petals of

directional characteristics of F1 (-e) are different two times in their

relative size. Since the variation of curve F2(,e) in both the positions

of the oscillating frame is similar, it follows that the variation rate of
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of the magnitude and inclination of the primary field vector II is half

that of the second in the first position of the oscillating frame.

By similar methods, it is possible to calculate all versions

of the induction aeromethod and to determine methodical interferences

for other methods of aerial electric prospecting.

7. Vibration-free fitting of field detectors:

Vibrational interference is one of the main interferences

affecting the receiving-measuring apparatus in the methods of aerial

electric prospecting. The real threshold of sensitivity in the apparatus

of any method of aerial electric prospecting depends on the extent to

which the level of vibrational noises in the field detector could be

reduced. At present the problem of protecting high-sensitivity magnetic

field detectors is only slightly developed theoretically and, practically,

hardly at all.

A number of organisations, dealing with the devising of the

geophysical apparatus for aerial electric prospecting, both in the USSR

and abroad, have carried out an enormous amount of work to devise an

effective protection against vibration of the magnetic field detectors

in the constant magnetic field of Earth. Vibre-proof fitting was worked

out of the field detector, set up directly on the aircraft or in the out-

board gondola. All these efforts attained some success. However, the

application in this direction was not very advisable. Thus, it was not

possible to bring up the sensitivity threshold of the apparatus at low

frequencies to 10 - - 10 9 a/m. In order to get an understanding of the

work carried out, let us consider some of results obtained.
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Protection against vibration of ma-vnetic field detectors set up directly

on the aircraft. The most unfavo-rable conditions for operating airborne

electric prospecting apparatus are on the helicopter. Vibration noises

on the helicopter are considerably higher than similar ones on the

piston-engine plane. Therefore, let us analyze vibro-protection of the

field detectors after the example of helicopter MI-4 type.

The vibro-protection systems of the field detectors, set up on

helicopter MI-4, should meet the following requirements (89).

1. Maximum suppression in the range of operating

frequencies of the harmonic components of

vibro-oscillations.

2. It should not allow angular low-frequency

vibration of the field detector, exceeding - max

(see para 2, chapt.IX).

3. Linear shifting of the receiving element should be

negligible and the ever all size of the vibro-protection

system constructionally convenient.

4. The weight of the Vibro-protection system should not

be excessive; for maintaining central balance, it should

be not be over 15 kg, when the system is located in the

middle of the helicopter's tail beam.

5. The natural frequency of the field detector's mechanical

system should be considerably lower than the working

frequency of the apparatus.
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The first requirement should determine the required factor

of vibro-protection (the amplitude ratio of shifting the vibration

of the coil's suspension point to the amplitude of shifting of the coil

itself). HIowevcr, it is known (102, 123 ., that the vibro-protection

factor on helicopter III-4 has not as yet been established due to the

non-availability of the required calcul_.tion data regarding the valume

distribution of vibrations. This, by the way, predeterines at present

ths experimental way for building thie required vibro-protection systems.

The requirement that the angular vibrations of the coil should

not exceed Ymax. is connected with the amplitude modulation of the

receivable signal, taking place in the coil due to these vibrations. For
with

instance, in the 3DE method,/the error allowed in measuring the amplitude

of signal E = 2we get cosmax = or max = 100. The obtained

angle of the coil's vibrations is valid only within the limits of the

frequency transmission band of the recording apparatus. Outside the

transmission band, the recording system will not respond to this signal

modulation due to inertia.

Due to constructional reasons it was assumed that the linear

shiftings of the field detector in any direction should not exceed 6-7 cm.

In different constructions the shifting may have other values.

The fourth requirement ensues from the safety technique of the

helicopter - the weight of an object suspended on the tail beam is

limited to 15 kg. Similar requirements are imposed, apparently, on the

field detectors, suspended at the ends of wings in light or average

type of planes with piston engines, used in aero-geophysical methods.
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And, finally, the fifth requirement is due to the condition

that if the mechanical system of the field detector has very low (a few

cps) natural frequency of mechanical resonance, such a system, vibrating

under the effect of disturbing factors, will produce interferences with

frequencies below the lowest operating frequency of the apparatus and the

interference amplitude will quickly attenuate with decreasing frequency.

This requirement is usually satisfied by heavier magnetic field

detectors.

One of the first versions of the vibro-protection system of the

field detector placed on the tail beam of the helicopter is shown in

Fig: 107. The receiving coil 1 with rings of spongy rubber 2 is placed

inside a housing 3, which is fixed, by means of spongy rubber cushions

4, to auxiliary ebonite rings 5. The whole system jointly with the cover

6 is set up on the tail beam of the helicopter.

3
4 3 -2 5 6 2 ,

PHc. 107. PHC. 108.

Fig: 107. Fig: 108.

Since the system is meant for operations on a frequency of about

1000 cps, the natural frequencies of seismic masses were taken compara-

tively high: coil 1 - "spring" 2 - system 30 cps; corpus 3-"spring" 4
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system - 40 cps. Damping of the system was attained mainly due to

resistance of the air, passing through the pores in spongy rubber. This

system assured the protection required in this case from vibration inter-

ference. For instance, on the frequency 976 cps the vibration interferencE

was about 4.10 6 a/m.

Another version of vibro-protection is shown in Fig: 103. The

receiving coil 1 is stretched inside the body 3 by means of sof't tape

rubber 2. The body of the coil is fixed by similar rubbers 4 to the

case 5, which is rigidly fixed on the Lail beam of the helicopter.

The natural frequency of the coil's vibrations in relation to

case 3 were taken 5-7 cps, and of the case 3 in relation to body - about

2-3 cps. The damping of the system was obtained by air resistance and

internal friction in the stretched rubbers. The angle of the coil's

vibrations Lm = + (2-30). In this way the natural frequency of

vibrations in this system was considerably lower than in the preceding

one. The interference, induced of frequency 076 cps, now was 6.10 - 7 a/m,

which could be accepted as satisfactory. On frequencies below 900 cps

a construction of this type did not provide reliable protection from

vibrations.

The most successful version of the vibro-protection system is

shown in Fig: 109. Coil 1 by means of spongy rubber rings 2 is placed

inside a cylinder 3, which, stretched on rubbers 4, is fixed on the

streamlined case 5, is fitted by means of similarly stretched rubber 6

to the Duralumin frame 7. The whole construction is rigidly joined with

the sheathing of the helicopter's tail beam 8. From Fig: 109 it follows

that this is a three-stage system of vibro-protection. The natural
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vibration frequency of coil 1 - cylinder 3 is 30 cps, cylinder 3 - case 5

-5 - 6 cps, case 5 - helicopter body - 3-4 cps. Vibration angle

4' max (35o)

6,1

PHc. 109.

Fig: 109.

Fig: 110 shows the curve of the level of vibration interference

(in unit of magnetic field density) vs. The frequency of the given

vibro-protection system. The dotted line shows the variation of this

level without the vibro-protection system (see Fig:96).

According to this figure, for frequencies above 200 cps, the

application of the vibro-protection system has a comparatively good

effect, whereas on lower frequencies this effect is negligible.

10-6

10-7
100 200 500 P4

PHc. 110.

Fir: 110.



On the basis of the given data, it is possible to conclude

that by reducing the frequency of natural vibrations of the intermediate

masses of the vibro-protection system it is possible to reduce considerablS

the level of interference in the magnetic field detector, Special devices

should be provided for protecting the system from impact loads, built up

during the landing of the aircraft, specially of helicopters. In the

case of a plane, it is necessary to provide a special streamlined unit,

in which the vibro-protection system of the field detector should be

placed. The unit itself should be rigidly fixed for carrying construction

-s of the plane.

Vibro-protection of field detector in outboard gondola: The

location of field detectors in t e outboard gondola makes it possible to

raise the efficiency of investigations by the methods of vibration noises

of aerial electro-prospecting specially with change-over to low frequency,

when it is difficult to devise a system of #ibro-protection for the above

given location of the field detectors. In this version the protection of

the receiving element from vibrations is considerably simpler.

For the helicopter and plane versions, for instance, not bad

results were obtained with the use as the first, main, stage of shock-

proofing an eight-tape rubber stretches, on which the receiving coil was

suspended inside the gondola. A suspension of this type is shown in

Fig: 111 (1-receiving coil; 2-tape rubber; 3 lock of tape rubber). The

natural frequency of the coil's vibrations in relation to the gondola

itself was about 5 cps.
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Measuring of noises in the coil, when the gondola is let out

of the helicopter 7-10 and even more, has shown that their level is

quite close to the level of noises with a three-stage vibro-protection

system, placed at the tail beam of the helicopter (see Fig: 109).

i2 3

Pic. ill.

Fig: 111.

Later on, the level of noises was reduced by means of additional

rubber cord-shock-absorber, fitted between the fixing point of the cable

to the gondola and the cable itself at a distance of some tens of

centimetres (Fig:. 112, 1-wire-cable, 2 shock-absorber). The rigidness

of t:e shock-absorber was selected with an estimate of the gondola's

weight, so that the natural frequency of the system gondola-shock-absorber

would be 2-2.5 cps. Checking the vibro-protection of this version has

shown that the level of noises in the coil were reduced mainly in the

range of lower frequencies. The results of these investigations at the

speed of the helicopter vo = 60 km/hr are as follows:

Frequency, cps. . ..... . 100 200 250 300 400 500 700 1000

Noise, equivalent to the mag- 8.6 2.8 0.8 0.6 0.56 0.45 0.4 0.33
netic field density, 1 0 - 6 a/m
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From thc given data and Fig: 111 it follows that the general

level of noises in the gondola is lower, than on the tail beam of the

helicopter, moreover, it is lower in a rather wide range of frequencies.

Similar investigations were conducted on planes LI-2, IL-12 and AN-2.

A similar system of suspending the fiel detector, devised for

the outboard gondola of a plane, was the second stage of shock-proofing.

The first stage was executed with the use of porous material (paralon)

directly within the cylinder of the magnetic antenna (see para 6, chapt.

VII). The rigidity of rubbers was selected with an estimate of natural

frequency of the system to comprise 1.5-3 cps. The suspension points

of tape rubbers of one of the coils appear as though they are at the

apex of a cube; therefore, the rigidity of the system in the direction

of three coordinate axes is similar.

PAc. 112.

Fig: 112.

Experimental investigations of this system of vibro-protection

have shown that on high operating frequencies the level of vibration

noises was very low (10-7a/m) and approximately equivalent to the

sensitivity threshold of AERI-2 apparatus. On low operation frequency

(243 cps) the vibration noises exceed to some extent the indicated

sensitivity threshold. Experiments with outside shock-absorber have
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shown that it will not assure any appreciable damping of noises, therefore

it was not applicd in the planes.

Thus, constructions of vibro-protection systems 
could be

diverse. For instance, the vibro-protection of receiving coils in the

VjiP apparatus developed by VITR(234) has a different system 
from the

systems described above. The receiving coils are placed into individual

covers o" spongy rubber 5nim in thickness and are fixed perpendicularly to

each other on a suspended plate, which is fitted on the rubber

shock-absorbers inside a special frame. The latter is screwed on to the

housing of preamplifiers, due to which the frames and amplifiers

constitute a single block, easily set up in gondola (234).

In the D3DK apparatus of IAE SO UT USSR (113) the vibro-protection

of the receiving coil is similar to the vibro-protection of the BDK and

induction apparatus, devised by FMI AN Ukr. SSR. In this case, the coils

are suspended on tape rubber stretches, so that the lines, provisionally

drawn alonS these stretches, would intersect in the gravity center of

the coil.
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CHAPTER X

CONSTRUCTION PRINCIPLES OF THE MEASURING APPARATUS.

1. Classification of measuring circuits.

An important factor, largely determining the efficiency of

geophysical investigations by various methods of aerial electric

prospecting, is the operating sensitivity threshold of the measuring

apparatus. With the artificial excitation of the field (see para 4,

Chapt. IV) the minimum strength of the magnetic field in the range of

operating frequencies of aerial electric prospecting is (1-5) x 10- 7 a/m.

Therefore, the measuring apparatus should have a sensitivity threshold

at which this strength could be measured in this range. Moreover, the

measuring apparatus should assure the required accuracy in measuring.

For practical purposes the acceptable error in measuring the amplitude

and components should be within the limits 1-3%, and the error in the

measuring phase within the limits 0.5-10. In some cases, for instance

with the use of the rotating magnetic field, it would be expedient to

have higher accuracy in measuring the indicated parameters(234).

The diversity of the measuring apparatus in aerial electric

prospecting calls for the necessity of its classification. This would,

in some measure, eliminate the difficulties in the analysis of the

measuring circuits and would assist in a more rational selection of the

optimum measuring circuits in the development of new apparatus.



K.B. Karandeyev, associate of AN USSR, and G.A. Shtamberger, a

candidate of Technical Science, and others have suggested classification

of the measuring circuits, applicable to electric prospecting, by the

methods of alternate current (107). This classification is sufficiently

well-founded, estimates most fully the applicable methods of electro and

radio-measurements and could be used in the development of apparatus for

aerial electric prospecting.

The analysis of the apparatus for aerial electric prospecting with

harmonic field shows that it is based on particular cases of two main

classic methods of measuring - direct measuring and compensation. There-

fore, the measuring method and its modification are set as the main

classification indices of the measuring circuits.

First of all, it is necessary to define the general elements of

the measuring apparatus in aerial electric prospecting. Some of these

elements, although indispensible in the said apparatus, could be of

subordinate significane but for the resolution of the given problem.

The general links and elements of the apparatus, as shown in

Table 19 , include: the magnetic field detectors Pr, transforming the

tension of the electromagnetic field into e.m.f.(voltage); the auxiliary

elements VE - amplifiers, adaption systems, voltage dividers (attenuators)

phase-shifting circuits, etc.; the selective systems IS for separating the

useful signal and indicators of measurable parameters I(U).

* Some assumption are adopted in this Table: e.g. in the compensation
method of measuring the compensation is not directly of the electro-
magnetic field strength, but of the output voltage of the selective
system, fed from the magnetic field detector, as this with a certain
error, reflects the nature of the measurable field at one or other
time.
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All these links and elements are present in any measuring

apparatus, however, the dmands imposed on some of them, the combination

and relation between them vs. the resolvable problem could vary.

Structure diagrams, shown in Table 19, are common, determining, but not

the only ones possible. The simplest system of the direct measuring

apparatus is the selective amplitude voltmeter, the structural diagram of

which 1 is not complex and includes, besides the common elements, the

amplitude detector AD (146, 177).

A more composite system (diagram 2), containing almost double the

quantity of elements, as compared to diagram 1, is a differential

selective voltmeter, for measuring the amplitude difference of two signalE

of one or two different frequencies. The difference is obtained and

measured by the differential detector DD. This type of voltmeter is used

in the apparatus IAE SO AN USSR for a two-frequency aerial electric

prospecting (105).

For the determination of components of the measurable signal in

Cartusian coordinates, the phase-sensing-selective voltmeter, is used

block diagram 3 of which is distinct from diagram 1 by virtue of the prese

-nce of phase-sensing detector FD and the channel of key signal KOS.

Indications of the measuring device are proportional to the projection of

the measurable signal vector x1 into vector x0 of the comparative voltage.

The channel of the key signal is meant for receiving, amplifying and

transforming the comparative voltage, which controls the operation of

the phase detector. In the phase, the comparative voltage matches most

often the vector direction of the exciting field, But if there is

simultaneous control of two phase detectors, shifted at 900 by comparative
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voltages, it is possible to determine both the quadrature projections

of the measurable signal x1 in rectangular coordinates, preset by the

diredtion of vector x . This type of diagram is applied actually in a

number of developed apparatuses (21, 90, 102).

The differential phase-detecting selective voltmeter serves to

measure the difference in the components of input signals with two

different operating frequencies (diagram 4), which are the projections of

input signals onto the direction of vector xo . By means of this diagram,

depending on the problem assigned, the measuring done is of the difference

of the active and reactive components of signals x1 and x2 . If the

subtracting diagram VS is replaced by the summation diagram SS, it will

also be possible to measure the sum of the components. The example of

this diagram's realization is the differential phase-detecting voltmeter

of AERI-2 apparatus (127).

Measuring of the amplitude ratio of two signals could be effected

by diagram 5, where the received signals are detected by amplitude

detectors AD and then fed to ratio circuit SO. Quotient meters, compen-

sation and special electronic arrangements may be used as this circuit

(104, 232, 234).

But if the requirement is to measure the component ratio of two

signals in coordinates preset by the direction of vector xo, the measuring

apparatus may be designed in accordance with block diagram 5,b, which

includes the channel of the key signal and phase detectors, instead of

amplitude detectors.
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The second group of this classification includes systems based on

the compensation method of parameter measuring by means of the compensa-

ting device (KY). The compensator is controlled through the channel of

the compensating voltage (KKH). If the measuring and generating units

of the apparatus are placed on one aircraft, i.e., in direct vicinity to

eachother, the compensating voltage is usually taken off the generating

unit. In the presence of two aircrafts or with the positioning of the

generating unit on the ground, the compensating signal is transmitted by

radio-channel.

The measuring unit with balanced compensator (diagram 6) makes it

possible to obtain readings in the polar or Cartusian coordinates. To

determine the compensation moment, the use is made of zero amplitude

indicator AY, cut in at the KY input. The parameter values are determined

by a reading device OY. This diagram has the distinctive feature that the

reading may be obtained only at the moment of complete compensation of the

measurable signal. This diagram was used, for example, to construct the

ground apparatus AFI-2 (11,115).

The measuring unit, based on the principle of quasi-balanced

compensation (diagram 7), is characterised by the presence of two

compensating units, enabling the compensation and separately measuring

of the required parameters. Since in this case the measuring is scalar,

the moment of quasi-balance is marked by means of phase or differential

indicators.
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When applying the principle of non-balanced compensation

(diagram 8), the compensation is of the basic value of the measurable com-

posite quantity. The indirect measuring is only of the increment

components of the measured vector. Hence in this diagram, besides the

compensating device, it is necessary to have two phase-detecting

voltmeters. This principle of measuring is applied in the apparatus of

aerial electric prospecting by the VMP (rotating magnetic field) method

(234).

Diagram 9 is based on the autecompensation principle of measuring.

Autocompensation means a static type system with reverse feedback - the

autocompensator is most often of electronic type with adjustable current.

The main elements of the autocompensator - a deducting circuit, an ampli-

fier with sufficiently high amplification factor, two component gauges KI,

a summation circuit and a feedback circuit from the output of the

summation circuit to the VS circuit. Although these diagrams are most

popular in ground electric prospecting, in future, apparently, they will

find application also in the aerial electric prospecting apparatus.

2. Pre-amplification of the measurable signal.

Pre-amplification of the working signal is a necessary operation

for practically all known units of aerial electric prospecting. It is

required with the setting up of field detectors in the outboard gendolas,

as well as with their placing directly on the aircraft.

Pre-amplification is necessitated by the following.

The field detector is usually tuned into resonance oscillating

LC-circuit. Its resonance resistance, being output resistance in the



- 354 -

given link of the receiving measuring apparatus, is usually quite high.

The field detector is often placed outside the main set of the aerial e

electro-prospecting apparatus, i.e. it is brought out from the aircraft,

sometimes to a considerable distance. In this case, the transmission

channel of the signal from the field detector to the measuring apparatus,

made in the form of connecting cables (shielded, unshielded, steel line,

etc), is affected by noises from the aircraft.

To reduce the effect of noises, specially on the joining calbes,

it would be expedient to decrease the internal resistance of the whole

section of the circuits, "field detector output - connecting cable -

measuring apparatus input". This is achieved in the simplest way by

pre-amplifying the received signal (the amplifier is set directly after

the field detector) and by the adaptation of high-ohmic resonance

resistance to comparatively low-ohmic resistance of the electric supply

channel of the field detector with measuring instruments by means of

cathode (emitter) repeaters at the output of the pre-amplifier.

Since the aircraft causes noises, the level of which is not high,

the noises in the transmission channel of the working signal from the

field detector to the measuring instruments may sometimes distort the

received useful signal, specially if it is of low intensity, or extinguish

it. In this case there should be a considerable rise (approximately by a

factor of 10) in the useful signal level over the level of noise in the

given channel. Hence, pre-amplification is necessary also for increasing

the signal/noise ratio in the transmission circuit of the useable signal

from the field detector to the measuring unit.
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The transmission channel of the signal from the field detector

to the measuring unit has a certain stray capacity and the latter, due

to its instability, may affect the tuning of the field detectors,

qpecially on high operating frequencies. In using steel line (gondola

version), the stray capacity may reach upto 100 Mmf and even more per 1 m

length of this cable. Therefore, the capacity has an appreciable effect,

on high operating frequencies of the apparatus. Thus, preamplification

is required for eliminating the capacity effect of the signal transmitting

circuit on the field detector tuned into resonance, which may also be

achieved by the setting up the preamplifier directly after the field

detector.

The field detector and preamplifier form a receiving section of

the measuring apparatus and play a considerable role in the general

complex of reception, pre-processing and amplification of the useful

signal and in the measuring of its parameters. They are usually placed

directly next to each other. The preamplifier set up in the outboard

gondola is often called the gondola preamplifier.

The unique operating conditions of the preamplifier on a mobile

object determine the following technical requirements.

1. The preamplifier should have high (not less than 1-1.5 Mohm)

input resistance to avoid shunting of the field detector,

whereas its input resistance should be low (less than

200-300.ohm) for matching the subsequent input resistance.



- 356 -

2. The preamplifier should be vibration-proof; microphonic

noise should be absolutely absent in it.

3. The level of the amplifier set noise, specially of its

first amplifying stage, should be very low, considerably

less than that of the signal, induced in the field

detector at the required sensitivity threshold of the

apparatus.

4. In service conditions, the preamplifier should have high

stability in its characteristics, as its assignment

includes amplification of low intensity signals. Instability

of the amplification factor or variation of its phase

response may result in emergence of pseudoanomalies or in

systematic drifting of zero.

5. In many cases for realizing simultaneous operations on two

frequencies, the input of the preamplifier should provide

for connection without reciprocal effect of the two field

detectors and the mixing of signals of two different

operating frequencies. Hence the frequency characteristic

of the amplifier should be uniform within the frequency band,

determinable by the lowest and highest operating frequencies

of the apparatus, i.e., the amplifier should be aperiodic.

6. The rectilinear section of the amplifier's amplitude

characteristic in the apparatus of some methods of aerial

electric prospecting should be widened as far as possible,

since the levels of measurable signals may vary in comparative

-ly wide range.
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The energizing of the preamplifier, the switch-over of the field

detector to the required operating frequencies, as well as the efficiency

checking of efficiency of the whole receiving unit is done usually by

remote control.

Construction of amplifiers with the requirements specified above

is a rather difficult problem. However, its implementation is simplified

by the fact that, in many cases, in practice, it is not necessary to

reduce the power consumed from the power network of the aircraft in order

to obtain high stability, good quality, of frequency characteristics, etc.

of this unit.

Let us consider briefly the circuits of the main types of

preamplifiers, used in some methods of aerial electric prospecting.

Gondola preamplifier for AERA-2 apparatus of the BDK method

(Fig. 113). This is an aperiodic amplifier, assembled on three tubes

6 1I7 (should be of vibration-stable series), and estimated for a

single-channel operation. To reduce the noises, brought in by the first

stage, a triode cut-in of the first tube is used in the amplifier. At

the second stage, the use of a penthode cut-in is made. The output stage

of the amplifier is assembled on a circuit of cathode repeater. The

general amplification factor without backfeed is approximately 1000. The

reverse feedback was so chosen that the general amplification factor would

be 100. The cut-in at the input of the amplifier is a special change-over

circuit with step relay SHI-11, which carries out change-over according to

the operation of elements, brought out into the outboard gondola, and is

controlled by one common starting push button.
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Double damping has been applied for protection against microphonic

noise: the whole amplifier is suspended on rubber shock-absorbers and

moreover, the tube panels are fixed on paralon cover plates. The input

resistance of the amplifier is not less than 1.5 Mohm, and the output -

approximately 150 ohm. This permits maching the amplifier with the field

detector and eliminating the noises from the helicopter equipment in the

transmission channel of the signal as well as the noise from electric

discharges caused by electrifying the' insulation dielectric of the cable

with its deformation under the effect of vibrations and oscillations

during the flight of the helicopter.

Cs R14n t R R20

ii W Re R1 RT C12
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Fig: 113

The amplifier details are selected with high electric

characteristics and the fitting is carried out with great care. The

anode voltage is lOOv. Incandescence filaments of the tubes are connected

in series and cut in through the attenuator (not shown in the diagram) toin series and cut in through the attenuator (not shown in the diagram) to
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the circuit of anode supply. The control of the step-by-step switch is

effected through the circuit of the output signal.

TABLE - 19

Diagram No. 0 Measuring device 0 Block diagram

Direct measuring method.

1. Selective voltmeter x

2. Differential selective 4H-
voltmeter

3. Phase-detecting selective X R

voltmeter

4. Differential phase-detec- 89C 4'A

ting selective voltmeter

5. Quotient meter:

a)for measuring medulus M

ratio C O-4

b)for measuring component Yf lip 89 HC 0

ratio x K O 4

Compensation method of P B C0
measuring

6. Balanced compensator p B9 c

7. Quasibalanced compensator

8. Unbalanced compensator

9.0

9. Autobalanced compensator

r ~Kw wcA 1
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Preamplifier of the BDK apparatus developed by IAE SO USSR(118)

(Fig. 14): is also of a single channel and meets all the requirements

listed above. It is assembled on vibration-stable tubes of low-voltage

series X-6 with anode supply voltage 24v, which makes it possible to use

as the source of this supply, the helicopter power network directly. The

incandescent filaments of tubes, connected in series, are energized from

the board-network. To eliminate the effect of the varying loads(working

conditions of helicopter, switching on and off of electric equipment,etc.)

on the preamplifier the voltage of the board-network is pre-filtered and

stabilized by means of the semi-conductive stabilizer, located in the

automatics block of the measuring unit. The amplifier is encompassed by

reverse feedback, which helps assure its low output resistance. Variation

of the reverse feedback makes it possible to change the factor of

amplification from 30 to 1500 smoothly.

w C

Ig 11

Fig: 114.
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The last (output) stage is assembled on the circuit of the cathode

repeater on two parallel connected tubes in the triede method of operation

which assures low output resistance with maximum amplification factor.

The noise level at the output of the amplifier, reduced to its input, in

frequency band 20 kcps - is not over 3 mv, input resistance - not below

3 Mohm. Effective elimination of microphonic noises is achieved by

suspending of the amplifier in the gendola on rubber guys. The change-ove:

of field detectors to operating frequencies is done by remote control,

with the help of relay circuit (relay of RSM-1 type).

Pre-amplifier of VMP apparatus, developed by VITR(234) (Fig.115) -

is a two-channel one. Its construction is meant for installation in the

outboard gondola. The amplifier has three amplifying stages and one

matching (output amplifier).

The distinctive feature of the amplifier is the use in it of

cascade connection of tubes, i.e., connection in series of two tubes in

each stage. The tubes of the cascade circuit are a part of anode or

cathode lead, each for the other, which makes it possible to assure high

stability and the least dependence of the common amplification factor on

the unstable parameters of tubes, supply voltage, etc.

The relay system at the input of the gondola amplifier helps

implement remote tuning of both the operating field detectors to the

operating frequencies of the apparatus.
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Each half of the tube 6H2II (the small panel for the tube L1 is

mounted on rubber shock-absorber) builds up amplification of about 30.

Generally, with the use of the cascade circuit, it is possible to obtain

amplification of one stage in the order of 1000. However, the intense

reverse feedback in the stage reduces its general amplification to 10,

which prevides sufficiently high stability of the amplifying stage.

The second stage (tube L2 ) is similar to the first, but has a

higher common factor of amplification (20). At the output of this stage,

filter R19, R20, C2 3 , C24 is cut in to serve for suppressing frequencies,

lying above the maximum operating frequencies of the apparatus (2450 cps).

Adjustment of the amplification factor from 10 to 30 (during tuning) could

be implemented by petentiometer R13.

The third stage is similar to the second (its amplification factor

is 20). Thus, the resultant amplification factor of the gondola amplifier

is 4000. The fourth stage is matching, it has low output resistance. The

frequency characteristic of the amplifier is uniform in frequency band

600-2500 cps.

The incandescent filaments of each pair of amplifier tubes are

connected in series and are energized from the board network by filtered

direct current 12.6v. Filament current of one amplifier - 0.7 a. Anode

voltage of 300v is fed from the ordinary unstabilized rectfier, located

in the block of the measuring apparatus. The second amplifier is similar

to the first.
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Preamplifier of AERI-2 apparatus for aerial induction method

(Fig. 16). This amplifier carries out simultaneous operation of the

receiving channel on two frequencies. The reconstruction of field

detectors from one operating frequency to another is effected by the

tuning nodes for low and high operating frequencies. Cathode repeaters,

cut in at the output of the tuning nodes, match the output resistance

of the receiving antennas (on high working frequencies it is about 106

ohm) with the other element of the circuit. Since the possibility of

separate transmission, i.e., along separate cores of the cable, of a

two-frequency signal from the gondola preamplifier into the measuring

apparatus with remote supply and control of this amplifier is rather

restricted (by the three-core cable), the signals of two operating

frequencies received in the gondola amplifier are mixed and then

simultaneously amplified in the intermediate aperiodic RC-amplifier. The

output cathode repeater reduces the output resistance of the RC-amplifier

and matches it with the low-ohmic channel of signal transmission. To

ensure high Stability of the amplifier parameters and the additional

reduction of its output resistance, a reverse feedback circuit has been

provided, which encompasses the output cathode repeater and the

RG-amplifier.

The change-over node permits remote retuning of the receiving

antennas to different combinations of operating frequencies, as well as

the carrying out of the required commutations of the gondola amplifier

input with control measurements (calibration, short-circuiting of the

input for checking the natural noises of receiving channel, etc.). The

line diagram of the gondola amplifier is shown in Fig: 117. Resistances
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marked with an asterisk (see example, R1 ), are selected during the tuning.

Tubes cut in of the input cathode repeaters and of the node 
of frequency

mixing by triddes, application of low load resistances (R1 9=R 2 3=13 kohm),

and also the absence of shunting capacitances in the tube cathode 
circuit,

assure a low level of natural noises in these stages. 
Elements of summa-

tion circuit R21 and R24 of the frequency mixing node are chosen in such

a way as to prevent them from appreciable shunting 
of the anode loads of

tubes L3 and Lq . The amplification factor from the grid of tube L 1 and

L 2 to the middle point of circuit R2 1 , R24 is 2.5. The pentode cut in of

resistive amplifier tube L5, high resistance of anode lead and blocking

capacitance in cathode circuit make it possible 
to obtain the amplifica-

tion factor of stage K of high value (upto 40).
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repeater; c, Frequency mixing unit; , RC-amplifier; e, Output cabinet repeater;)

f, Unit for adjusting magnetic ante a for high frequencies; g, Input cabinet

repeater;h Feedback circuit; i, Unit for changing working frequencies.

_.Fig. 116,

Experimental investigations have shown that the voltage of

fluctuating noises on all operating frequencies does not exceed 0.5 mv,

and the voltage of noises and inductions in the transmission channel of

the signal received on the measuring apparatus 40-50 my; the required

amplification factor K - 100 has been determined on this basis.
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The last two stages are encompassed by reverse feedback. The

voltage of reverse feedback is supplied from the cathode of tube L6

through circuit C18R29 onto the grid of tube L . In this case, the

output resistance is reduced to 55 ohm(44, 249). The voltage of the

anode supply is limited by the working allowed voltage for the cable

cores; it is taken as 120 v. Incandescent filaments of the tubes are

energized from the source of anode supply with their subsequent connection

Excess voltage is dampened on additional resistance R4 7 .

As change-over devices for the cutting-in of condensers tuning

the field detectors the use is made of relays RSM-1 and RCM-2, which are

cut in turn by the contacts of the step-by-step switch SHI-II in 12

positions. Of these 12 positions, 11 are used for the control of the

gondola amplifier, and one, the 12th, is applied for checking the

operation timing of the finder in the gondola amplifier and of the

double-finder in the block of stabilized rectifier of this amplifier,

located in the measuring unit of the apparatus, from which the remote

control of the gondola amplifier is effected. In this position of the

finder, the supply circuit breaks, which is marked by the position of

the double finder and controlled by the measuring device.

Connected parallel to resistance R4 7 (cifgit + 120v) is the

relay coil R10 , connected in series with which are the damping resistances

R3 8 and R 9 . With a nominal supply current (working conditions), the

drop in voltage on resistance R4 7 feeds this relay coil and this, while

operating, unlocks its contacts. This results in the cutout of the

finder's coil from the output of the gondola amplifier, thereby removing

the possibility of parasitic magnetic intercoupling between the coil of
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the finder and the receiving antennas. For protection against extra

current the relay coil R10 is blocked by electrolytic condenser C2 0.

The coil of the finder is but in to the output of the amplifier

only during the feed of change-over impulses (at this time the supply

voltage is taken off the amplifier), Diod D1 , which shunts the coil

of the finder, serves for damping the extra currents. In series with

resistance P47 and incandescent filaments of radio-tubes the connection

is made through contact groups of finder SHI-I-SHI-III of the relay

group RCM coils. The resistances, which shunt the coils, are so matched

that the group of relays RCM would operate reliably at a nominal working

supply current and the common current transmitted through the relay coils

and resistances would be similar in all positions of the finder.

The rectilinear section of the amplifier's amplitude characteris-

tics is permissibly widened, so that at the extreme operating frequencies

Mlow / 1.005 and Mhig h < 1.005, and k = 0.01.

Unified transisterized preamplifier OKB MG USSR (Fig.118), where

1-10 are the points of the electric circuit, soldered to the branches

of the plug connector. This amplifier was developed in 1965. It

consists of unified nodes. An amplifier of this type could form the

basis for systems for preamplifying signals received by the field

detector in many methods of aerial electric prospecting.

It is known that, in amplifiers of low frequency, the amplifying

properties of transistors are most fully utilized by direct coupling

between stages. Besides improving the condition of matching and frequency

characteristics in the zone of low frequencies coupling of this type makes
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it possible to simplify considerably the diagram of the amplifier and

to reduce its overall size. The characteristic feature of the diagram

is the presence of transistors, operating in the input stages in

conditions of low currents and voltages, which improve to a considerable

extent the energy and noise indices of the diagram. To ensure these

conditions, it is necessary for transistors to have sufficient amplifi-

cation factor on current 0( at low intensity (about 0.2-0.4 ma) of the

collector current. These properties are possessed by a majority of

silicon transistors, specially transistors MP101-MP103 (in the present

diagram T - T6 are transistors MP102). As shown by measurements, the

value of factor j in these transistors with collector current 0.3-0.4 ma

is half the ~/ values, measured in nominal test conditions.

3 10 +%0

0 R3  Rs C3  T2  C4 7, 4  7 T4 7" 

CT,
2 9
BxoI R R. BbIxo

Fig: 118.
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The input portion of the amplifier is assembled on a circuit

of doubled emitter(54). This circuit has a sufficiently high input

resistance (upto 2.5-3 Mohm) with transmission factor close to one.

Transistors T1 (P28) and T2 (MP1O03A) operate in "lownoise"

conditions: the voltage between the collector and emitter of transistor

T1 is almost equal to that between the base and emitter of transistor T2

and is only 0.1-2v. The collector current, transmitted through the first

transistor, is also very low (0.1-0.15ma). Moreover, in the first stage

of the circuit low-noise transistor P28 with noise factor not over 5 db

is used.

From the collector of transistor T5 to the base of transistor T3

is fed voltage of reverse feedback on direct current. Feedback on

alternate current is eliminated by the cut-in of condenser C5 between

resistances Rg - R9 and the common busbar of the amplifier. The increase

the input resistance on the side of transistor T3 input, and also for

raising the stability of the amplification factor, resistance R12 has been

cut-in into the emitter circuit of transistors T3 and T5, due to which

resistance there is additional circuit of reverse feedback in series on

direct and alternate current. The intensity of resistance R12 does not

exceed 30-40 ohm, therefore, its cut-in does not affect the estimated

circuit on direct current. To reduce the output resistance, the last

stage (T6 ) is cut-in on circuit with a common collector. The range of the

amplifier's frequencies is within 10-30 kcps. Frequency characteristics

of the amplifier in the region of low frequencies depend mainly on the

lue of capacitors C4, C . Capacitor C6 is cut in to prevent parasitic

excitation on high (30-60 kcps) frequencies. The tuning of the amplifier
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means correcting resistances R8 - R9 from 47 to 100 kohm. Consumption

of power by the circuit from the supply source is not over 40-50 mkwt.

3. Selective amplification.

The increase in efficiency of the measuring unit in aerial

electric prospecting with harmonic field (see para 3 chapt.IX) may be

obtained with additional selective amplifying of the receivable signal.

In this case, it would also be possible to increase signal to noise

ratio at the output of the selective amplifier as compared to the ratio

at its input. Simultaneously, the effect of natural noises of field

detectors and preamplification nodes of the received signal is reduced,

as of vibration noises and possible inductions on the measuring instru-:

ments from some nearby generating units, specially with the simultaneous

operation of the apparatus on two frequencies.

Selection amplification in aerial electric prospecting is

usually achieved by the application of selective LC - and RC-amplifiers.

In this case, the anti-resonance circuit is very seldom used in the

amplifying channel.

The main requirements of the selective amplification could be

stated as follows:

1. The selective circuit should ensure suppression

(upto 50 db) of side-band frequencies.

2. Frequency characteristics of the selective circuit

within the limits of negligible detuning due to

operating resonance frequency should have "flat"

top.
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3. Phase characteristics on the operating

frequency and with negligible detuning

should be almost linear.

4. Parameter instability of the selective

circuit and amplifying channel should

not cause additional error exceeding the

basic error of the apparatus.

Calculations and practical work with the apparatus of aerial

electric prospecting have shown that for the implementation of the first

requirement the use could be made of selective circuits with suppression

of side-band frequencies by tens and even hundreds of times (20-50 db).

For the single-frequency apparatus these requirements naturally, are

lower, for double-frequency one - higher. The constructive assembly of

circuits is rendered difficult mainly in the building of the two-frequency

apparatus, where it is necessary to reduce the inter-effect of the channel.

The main attention in this should'be paid to shielding, correct and

rational disposition of the input and output circuits of individual nodes,

connections between separate blocks, constructive arrangement of the

measuring and generating units both in separate blocks and in the common

body, etc.

The shape of frequency characteristic in the selective circuit

near the operating frequency, applied in the apparatus of aerial

electro-prospecting, is shown in Fig: 119. Here on axis of abscissae is

plotted detuning --, and on axis of ordinates - output voltage ratio
Ut o
outU , where U - voltage with detuning, f, and U - voltageout.max  out out.max

on resonant frequency f .
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Within the limits of the flat frequency characteristics the

amplification factor of the selective circuit remains invariable or

varies insignificantly. As a result, it is possible to reduce the

stability demands of frequency fo in the oscillating apparatus(since

negligible detuning from the field detector's resonanceis allowed); also,

a somewhat higher instability of the selective circuit, than with sharp

frequendy characteristics. In the practical implementation of this

circuit, the effort is usually to obtain the selectivity curve symmetrical

in respect of the ordinates axis.

u out,

U out max
a8

0.2

fo -al -0,05 0.05 0.1

Fig: 119.

The requirement of linear phase characteristics in the

selective circuit ensues from the necessity of studying the phase

characteristics of the field with a certain error in the phase.

Minimum additional error in the measuring channel of the phase will
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be when with a negligible deviation of resonance frequency fo the phase

characteristics of selective circuit will hardly change. Toobtain this

type of characteristic is very difficult; therefore, the effort is to

assure its linear relationship within the transmission band of frequen-

cies 2Af (at a level 0.707). This permits preventing to some extent the

appearance of pseudoanomalies in the phase due to possible jumps of phase

characteristics in the selective circuit (e.g., variation of external

conditions during the flight: temperature, humidity, etc.).

The measuring apparatus should be vibration-stable, and the first

amplifying stages should be protected to an extent that the level of

vibrational noises in the selective circuit itself would be low.

LC-selective amplifiers, widely adopted in low and high-frequency

apparatus of aerial electro-prospecting, usually consist of one or several

LC-circuits. In the concentrated inductances of the circuit the use is

most often of inductance coils with Alsifer cores. At low frequencies

the inductance value of the circuit is limited by the size of the standard

core and practically does not exceed 1 henry. In the same conditions the

inductance of coil on ferrite core increases upto 1.5-2 henries. The

application of LC-selective circuits on low frequencies is somewhat

difficult due to the presence of amplitude characteristic in inductance

value of LC-circuit, assembled on ferrite core, and also low Q-factor

of inductance itself, assembled on Alsifer core. According to the test

data, inductance ferrite core of toroidal shape 200 NN (,"f = 250)

with variation of signal amplitude from 0.1 to 10v varies its value to

such an extent that the resonance frequency of the circuit changes within

the limits of 5 to 10%. Circuits of these types are not used for

measuring purposes.
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The low Q-factor of toroids with Alsifer cores, and also increment

in the capacitance value of the circuit's tuning into resonance at

reduced resonance frequency, make whose application on low frequencies

difficult. Thus, on frequency f = 244 cps at L = 0.7 henry capacitance

of C circuits comes upto 0.6 mF. This means that the capacitance of

condensers, which could have been applied in the circuit, will be too

low, as a result of which the temperature stability of the circuit will

also be low, and the application of such a circuit in the amplification

channel is inexpedient. The advantages of LC-circuits on high frequencies

are more apparent (116).

To reduce the overall size of the measuring circuits, to increase

their stability, Q-factor and other characteristics the application is

often made of selective RC-amplifiers of blocking type with double T-

shaped RC-bridge in the reverse feedback circuit, assembled usually

according to two- and three-stage circuits with high amplification for

the working signal. Due to sufficiently low capacitance values required

in this bridge, application is possible of small size stable tuning

condensers.

Pc. 120.

Fig: 120.
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The two-channel RC-amplifiers are usually assembled according

to the diagram shown in Fig. 120, where Uin and Uou t - are the input

and output voltage respectively; K1 and K2 - amplification factors of

the first and second stages respectively; a - the transmission factor

of anti-resonant circuit; K - the transmission factor of the cathode

repeater. To obtain high Q-factor of RC-amplifiers it is necessary to

apply stages with high amplificationfactor. However, in this case the

selective amplifiers have one substantial short-coming-tendency to

singing (14, 15, 176, 249). It is known that the cause of singing in

the amplifier with closed feedback is the phase shift cp =360 or ~=-300

whereas the amplification factor K on any frequency outside the pass-band

of the amplifier should be considerably greater than one.

In the selective RC-amplifier, assembled according to the diagram

in Fig.120, on distant side-band frequencies, where the transmission

factor of anti-resonant circuit S 1, the amplification factor is

given by formula

K
0

K I, (XI)
o 6t- 1 + K

0

where K - the amplification factor of two stages on resonance frequency.

With the high amplification factor K , the presence of the

parasitic capacitance in the amplifier will cause general phase shift,

at which there is positive feedback, resulting in unstable operation of

the amplifier or its singing. Due to insufficient stability, inherent
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in high quality low-frequency RC-amplifiers with 
double RC-bridges in

feedback circuit, these amplifiers are not widely 
used in the apparatus

of aerial electro-prospecting. But in the practical diagrams for

amplification stabilizing of selective RC-amplifier 
combination of active

and frequency-dependent feedback is very widespread. 
Selective amplifiers

with the so called intensified reverse feedback with 
improved productive

characteristics even on very low frequencies, may also become popular

(13, 14).

The diagram of a one-circuit selective RC-amplifier, operating

on this principle, is shown in Fig. 121 (denotations are the same as

in Fig. 120, moreover, Ue.c , Ue. c - feedback voltages; K2 - the amplifi-

cation factor of additional amplifier of feedback voltage). In this

diagram, the signal is amplified only by one stage, 
and the general

amplification factor on tuning frequency is equivalent 
to the amplifica-

tion factor of the first stage.

R,=R R2 =R

".c C,=C C,=C ST Bxo R C-=
K2 1 Fig: 122.

Fig: 121. Fig: 122.
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On side-band frequencies, the amplification 
factor is determinable

from formula

K

K (X.2)

Ko6J = 1 +K 1K2 Kn

In this case, Q-factor of the selective stage could 
be

determined from ratio

K1 K 2 K  + 1
Q 1, (X.3)

4

In the capacity of frequency-dependent feedback, the 
use is

made of symmetric double T-shaped RC-bridge (Fig. 22). Elements of the

bridge are calculated from the known ratio

1

f = (X.4)
o 2 1KC

Selectivity increase in the amplifying channel in the apparatus

of aerial electric prospecting could be obtained either 
by the applica-

tion of several selective RC-amplifiers, or of LC-circuits 
with cut-in

into discrete amplifying stages in the build-up of band-pass 
filter or

into one amplifying stage. In the latter case, besides the selectivity

increment, there is improvement in the rectangular factor of the selec-

tivity system, and the phase characteristic becomes almost linear.
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It is a known fact that the three-circuit band-pass filter is

an optimum version of selective circuits (116). Input diagram of the

selective LC-amplifier with three-circuit band-pass filter is shown in

Fig: 123. Stabilization of the amplification factor of the amplifier

and value increment of R. tube can be implemented by reverse feedback
1

in the current. Inductances of circuits are selected similarly.

+Ea

C(P f2 0 5

Fig: 123.

Between the separate circuits of the band-pass filter is a

capacitance coupling through condensers CCB. The capacitance of the

coupling condenser is taken as critical and is calculated from formula

KOHT

C - (x.5)
Q

where C ent - circuit capacitance.
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The selectivity of the diagram at low detuning (less than 10% fo)

is determinable from formula

S6 _- O + a + 9 (x.6)
3

where

2Af
f

At distant detuning selectivity of the diagram may be determined

from the term

Q3S = -X- (X.7)

where

x =-

The reduce the possibility of amplitude-phase distortions, the

band-pass filter should be cut in in the first stage of the amplifier.

This diagram, successfully applied in the selective measuring amplifier

of AERIS apparatus, could be recommended for practical application.

Given ahead are the specifics of such a band-pass filter:
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Frequency, cps

500 1000 2000 4000 8000

Circuit inductance,henry 0.5 0.25 0.125 0.0625 0.03125

Circuit capacitance,mF 0.2 0.1 0.05 0.025 0.0125

Noise damping with

frequency 50 cps 21.10 - - - -

Noise damping with fre-

quency 400 cps 5.103 3.104 1.3.106 21.107

N.B: On the indicated frequencies, the following parameters

remain invariable: Q-factor of circuit - 40; amplification

factor - 46; selectivity with 10% detuning - 170 (over

40 db); amplitude variation in the range of 1% detuning -

1.26.

It has been established by experiments that the phase error

with variation of input voltage in the working portion of the phase

recorder scale does not exceed 20 for each frequency.

In building selective diagrams of the measuring apparatus, the

importance is that of their temperature stability, moisture resistance

and being vibration-proof. It is a known fact that the stability of

the selective RC-amplifier, including that with the amplified reverse

feedback, is determined mainly by the stability of condensers and

resistances of the double T-shaped RC-bridge. By introducing active

feedback, the instability of the amplifying stages could be reduced to

negligible as compared to bridge stability.
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In the case of applying two selective amplifiers connected in

series with bridges detuned in respect of each other, the highest effect

on the amplification factor is caused by the asymmetric instability of

the transmission factor. Temperature asymmetry of the bridge is caused

by dissimilar temperature factors of condensers and resistances.

The highest temperature stability of amplifiers is provided by

mica condensers SGM and KSG type with temperature stability t 0.005% per

10C. The resistances of VS type have negative temperature factor (45)

(thus, for power 0.5-2 wt it is 0.1% per 1oC with temperature range - 60

to + 200 C), whereas resistances MLT have the temperature factor + 0.12%

per 1 C. The most stable in temperature factor are the resistances of

BLP type (upto 100kohm). Temperature factor of the resistances of A type

is 0.01% per 100C within the temperature interval + 20 - + 6000C and 0.0125%

per 10C in interval + 20 - + 6000C.

If for the resistances with temperature fluctuations from - 10 to

+ 400C variation of their values is about 5% then for the BLP in the same

temperature limits it is about 0.5%. This value is close to the tempera-

ture factor of mica condensers capacitances.

To avoid high asymmetric instability it would be expedient to

use, as adjusting resistances of the bridge, wire adjustable resistances

(manganin, PPZ-12 with temperature factor 0.003% per 10C).

The instability of LC-circuits is determined in the same way as

of the inductive magnetic field detectors (see para 5 chapt.VII and

(154).
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4. Application of phase-detecting principle:

During the last few years, phase-serving dectors(FHD) have been

widely applied in serial electric prospecting.

The operating principle of PHD has been sufficiently

described in literature (100, 101, 224,. 259); therefore, here we discuss

its main properties in application to the diagrams of measuring and

recording apparatus in aerial electric prospecting. It is known that

FHD have rather high selectivity, high input resistance, wide range of

operating frequencies, comparatively high zero stability, etc.

(101, 151, 179).

al b 2ym4 5epP a%- Key t Fi gure 124:
Oc CyMMopa3noc a/Il bil - a ,rn diference,

no.s cxeo nps umedii f erenc;
.P C1uit;

u0  a b, Di ! erentiall
rectifier.

6

Fig: 124

There are two operating methods of PHD: detecting and keying.

The detecting method is characterised by comparative voltage having

sinusoidal shape; the detecting could be diode, anode or cathode type,

The detecting circuit of FHD includes, as a rule, a differential detector

with a circuit of geometrical adding and subtraction. A block diagram
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of this type of FHD is shown in Fig. 124,a. The measurable signal Uc

and comparative voltage Uo are lead in to sum-differential circuit,

providing for the phase-inversion of one of the voltages and obtaining

of their vector sum U and difference U . The vector diagram, explaining

the operation of this circuit, is shown in Fig.12
4 ,b. Voltages Uand Up

are then fed into the input of the differential detector, the output

terminals of which are so connected so that the cut-in electromagnetic

device I shows the difference of these two voltages as average. The

indication of device is determined from the following relation (101):

Y = C U2 + U + 2UUcos C -/U2 + U2 - 2 U U c os C  (X.8)

where C - factor dependent on the circuit parameters; CP-angle of the

phase shift between U and U 0

With fulfilment of condition Uo Uc formula (X.8) simplifies,

indications of device I become proportional to the active component of

signal

0(= CUccos (X.9)

If to FHD, assembled according to the block diagram in Fig. 124,a,

comparative voltage of rectangular shape is applied, its operating method

will be the method. Indications of device at Uo Uc are also determin-

able by formula (X.9).
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The key method is characterised by lower dependence of voltage

at the output of the FHD on the level of comparative voltage with the

shape of rectangular pulses ("quadratrix" of sinusoid), which periodically

open and close the circuit. This method resembles the operation of the

phase-detecting circuit with mechanical rectifiers. To obtain a

"quadratrix" the sinusoids use the usual circuits of limiters.

Depending on the method of supply and adjustment of comparative

voltage phase, indications of device I could be proportional to the active

and reactive components, the amplitude or phase of the measurable signal

(Fig. 125).

+ Um omC-

ImUc 0
T T-1 T

Puc. 125. 21+ 2 {

Fig: 125. Fig: 126.
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If the vector of comparative voltage Uo coincides in direction

with vector Uc , the voltage at the FHD output is proportional to the

amplitude of the measurable signal Uc . When the vector of comparative

voltage Uo makes with vector Uc angle CP , its projection onto direction

U will be ReU . The voltage at the FHD output, proportional to ReUc,

is denoted as the active compenent of the measurable signal. But if

vector U" makes with U angle 900 - c, then at the output of the FHD
o c

the voltage is proportional to Im U c, or to the reactive component of

the measurable signal.

The turn of the phase at the required angle may be provided by

means of various types of phase-invertors*, providing, as a rule, the

turn of the phase in the channel of the key signal at any required

electric angle.

From formula (X.9) it is seen that for measuring the phase angle

it is necessary to ensure either constant amplitude of the measurable

signal, more precise product CUc, or to use the property of the FHD as

zero indicator of transition over the phase shift p = -90 (in this

case voltage at the output of FHD is equal to zero). This requires

operating by graduated phase-invertor of phase shift to indicated moment.

In this case, the reading of the phase is taken from the graduated

phase-invertor.

Indications of the phase meter, constructed by the first method,

vary in accordance with the cosine curve, which is not always profitable

and acceptable. Therefore, it is expedient to have indications of the

phase meter proportional to the phase shift. It- can be shown that the
* Direction of vector Uc may or may not coincide with direction of vector
Uo; therefore, the sign of active & reactive components could generally be
either positive or negative.
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FHD has this possibility. Indeed, if the FHD is imagined as multiplicaticr

circuit (56, 64), at the outputs of which Earrive two signals (Uc and Uo),

having between them the phase shift of rectangular shape, it may be

assumed that

T

= C U Umc modt. (X.9a)

0

Thus, both the signals could be written as follows 
(Fig. 126)

+ Um 0 z t * T

U=

SU t T)mo T )

Uc + Umc ( T+t T+ .- )

- Umc T+ T T

Substituting the obtained Uc and U values into formula (X.9&),

we obtain

AI= c'UmcUmo Q CP) (X.10)

At a moment, when C = -- , we have ~( = 0.

Therefore, the FHD circuits are universal. Their diversity is

clearly shown by the block diagrams shown in Fig. 127.
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where - the phase-invertor; F - A, - P, FT - '- recorders

respectively of the active, reactive components and of the phase; 0 -

the level arrester. Other FHD diagrams are given in chapt.XII.

Let us consider the selective properties of the FHD, which are

so impatrant in aerial electric prospecting. The high selectivity of FHD

is explained primarily by the fact that, due to the effect of comparative

voltage, the conductivity of detector time varies with certain recurrence

and, therefore, from the average value of the rectified 
current, exclusion

of components from the input signal of non-synchronous commutation

frequency is made to some extent. If we compare the selective properties
of the detector insensitive to the phase (for instance, of rectifying

system voltmeter) with phase-sensitive detector on the action of

sinusoidal voltage of noise, it would not be difficult to become convince

of the advantages of the latter.

With the action of noise U voltage at the output U of the
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U

phase-insensitive detector in the case of - 1 is expressed by
c

the following relationship (101):

r Un 2

U = allc 1 +( U 2I (X.11)

where a - the conversion factor of the detector, equal to the ratio of

average rectified voltage to the virtual sinusoidal voltage.

Relative error due to noise effect is given in the following terms

- - V I (x.12)

The significance of the given relation lies in that the value
U

of error increases slower than the noise-to-signal ratio " , i.e.,
s

in this case, there is an event, which is characterised as suppression

of noise by the signal. Thus, with noise of 30% of measurable voltage,

the error comes to only 2.3%.

In the determination of error due to noise action, in a case

where the FHD is applied it should be assumed that there is a differential

detector in its composition, which in turn should be considered as two

linear detectors, to the input of which in the absence of noise are fed

two voltages (see Fig. 124 ,a):
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u U2 + U2 + 2UcUocOJs;
C C O

(X.13)

S - U2  + U2  - 2U U cos ~.
p c o co

Indications of device, cut in at the output of the differential

detector, are proportional to the difference of voltage amplitudes a

(U - U ). The presence of noise with amplitude U causes the

increment of voltage at the output of both halves of the detector, and

for one half it may be determined in accordance with relation (X.11) from

the terms

1 2
aU + --

and for ther other - from formula

1 __2
aU + *- " U

Voltage at the input of the differential detector is proportional

to

U2

1 ft
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or with UsA Ud and U d U U we get

= t U (X.14)
0

In the first approximation the error of the FHD, caused by the

action of noise, does not depend on quantities Us and CP, but is

U

determinable only by ratio U-. In spite of the fact that the structure

c

of formulas (X.12) and (X.14) is similar, the error of the FHD from the

noise action is found to be much lower than the error of the ordinary

detector, since Uc is considerably higher than Us (usually Us .O.1 Uc).

The selectivity of the FHD could be considerably increased, if

instead of detecting the application is of key method of operation, i.e.,

change-over to comparative pressure of rectangular shape. If commutation

error- is known (Fig. 128), it is easy to find the amplitude, equivalent

to the detecting method of comparative voltage:

UT  U
U = (X.15)

mT sin Y

since value is low.

Substituting into formula (X.14) instead of Uc the value of Umt,

we determine the relative error of the FHD, operating in key conditions:

U 2
SU (X.16)

r
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where Ut  - the intensity of comparative trapezoidal voltage (see Fig.128)

Thus in key conditions, the FHD has considerably higher selectivi-

ty than with detecting. For instance with i = 0.1 and Uc = Ut the

error in keying is 100 times less than in detecting.

U

Fig: 128.

However, selectivity of odd harmonics of Us signal in the FHD is

not high. Thus, for -- th harmonic of signal current at the output of

the FHD is given by relation (137).

cUk
Icp k cos , (X.17)

where <9 - the angle of phase shift of -r-th harmonic.

Therefore, the FHD error from the signal harmonics should be

equal to the harmonic divided by its number. To avoid this short-coming,

the high signal harmonics, where possible, are filtered by means of

selective circuits, cut in at the input of the FHD..
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Moreover, the comparatively high selectivity of the FHD in the

key method makes possible substantial suppression of all noises,

incoherent to the key signal but similar in frequency, even if they are

of considerably higher intensity than the signal. In this case, it is

important for the intensity of comparative voltage to remain higher than

the intensity of noise. This makes it possible to use the FHD for

measuring low alternative voltage and as the node for the comparison of

follow-up systems in automatic recorders of modulus, components and

phases in aerial electric prospecting.

5. Measuring of amplitude (modulus):

In the majority of the measuring apparatuses for aerial electric

prospecting, the possibility of measuring and continuous recording, with

the required precision, of the sinusoidal signal level has been provided.

From the classification table of measuring circuits (see para 1,

chapt.X) it follows that in accordance with the problems of aerial elec-

-tric prospecting, it is possible to make a choice of methods for

measuring the level of the anomalous field signal. Thus, in the methods

of near and combined zones the direct measuring of the signal level by

means of phase-detecting and amplitude voltmeters has become very

popular.

In the apparatus of radio control and measuring, the "direct"

measurements are carried out after frequency conversions (222). However,

in the choice of the measuring method, the consideration should be not

only of merits, short-comings and potentialities of each of the indicated

methods, but also of the difficulty of constructing the measuring devices.
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The direct measuring of the signal level is most simple by

means of electronic voltmeter of any type (175, 193, 207). The

operating principle of electronic voltmeters is based on the detection

of the measurable sinusoidal voltage by means of electronic tube, and

of the rectified current by electro-magnetic measuring devices, the

scale of which is graduated directly in units of the measurable voltage.

Depending on the principle of detecting, there are electronic voltmeters

with anode, grid, cathode and diode detection. In comparison with

voltmeters of other systems, electronic voltmeters have some advantages,

the main ones of which are the high input resistance and the wide range

of operating frequencies. In aerial electric prospecting the most

popular are voltmeters with cathode and diode detecting.

The main difficulty in measuring with electronic detecting

voltmeters is in providing effective prefiltering of the usable signal

from outside noises and those arising in the preamplification channel.

Therefore, besides the introduction of selective elements in the input

circuits of electronic voltmeters, it is also necessary to choose the

most noise-proof operation conditions.

There are three main methods for operating the electronic

detecting voltmeters (175, 207) Class A, in which the virtual (effective)

value of voltage is measured by the voltmeter; Class B, in which the

voltmeter is used for measuring the average voltage intensity in the case

of linearly-broken characteristic of detector; and class C, in which

measuring by the voltmeter is of the peak intensity of voltage. When

measuring sinusoidal voltages without noise, all the three methods of

operating the detector are in principle equivalent.
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The extent to which voltmeters are noise-proof and which

determines the virtual, average and amplitude (peak) intensities of

voltages is not identical; this is described in detail in (192) (see

also para 4, chapt.X). The voltmeter for measuring the peak intensity

of voltage is the least noise-proof; the most noise-proof is the voltmeter

for dtermining the mean voltage intensity. The latter is most simply and

conveniently measured by the cathode detector of Class B. The tube

voltmeter with cathode detector Class B has high input and low output

resistances; it is characterised by absolute accuracy of measuring.

The shape of the detector characteristic varies with the change

of detecting tube or with the change of resistance of detector's load.

The most subject to variations is the initial section of the characteris-

tic, which is usually not used in measuring instruments. The error in

the last two-thirds of the measuring instrument scale, i.e., in the

section, where the detection characteristic is almost linear, does not

exceed 1%, which is quite permissible for the general purpose of aerial

electric prospecting.

As an example of electronic voltmeter with detector system,

let us take the tube voltmeter, meant for measuring the average

intensity of voltages with cathode detecting, which has been applied in

AERIS and AERI-2 apparatus. The diagram of the tube voltmeter is shown

in Fig. 129. The control grid of the tube is fed direct bias voltage,

independent of anode current intensity. This is done by means of the

external source of bias voltage Ec - 150v. To obtain half-wave

detecting the bias voltage should be slightly lower than the blocking
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voltage of the tube. In this type of detecting the anode current of

the tube is practically proportional to the effective intensity of

the applied voltage. The measure of the Uin voltage applied to the

grid is the increment of the constant component of the tube's anode

current. The intensity of anode current is measured by milliammeter

or microammeter of direct current, cut in into the cathode circuit of

the tube. To separate the variable component, the measuring devise is

shunted by condenser C71. The voltmeter circuit is so constructed

that in the absence of the measurable signal, the direct anode current,

transmitted through the measuring device, is compensated by the lead-in

into the circuit of additional compensating voltage source Ek , which

is at the same time bias voltage source. In this case, the whole of

the measuring device is used for measuring the current induced by the

applied signal Uin.

!l"_ cI-_

Uc R7f C70

8 mA R UC

a 6 11

Ri R12

Fi ,C gH502.

Fig: 129.
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Load resistance Rk in the tube's cathode determines the

characteristics curve of the tube voltmeter. In the absence of the

signal the spacing current of tube Ia completely passes through

resistance Rk . The higher is the value of this resistance, the less

the spacing current depends on the tube parameters and, apparently,

all the higher will be, all other conditions being equal, the sensitivity

of the circuit. The compensating voltage Ek. c is so cut in that it

is directed towards the Uk voltage, operating between the cathode of the

tube and general minus, and with compensation Uk = Ek.c

Connected in series with the measuring device is the recorder

with equivalent inner resistance R (terminals a and b). Part of the
eq

fixed component of the anode current, transmitted through the measuring

device and the recorder, can be determined, in the presence of alternate

voltage at the input of the voltmeter, from the following ratio

U

I mc (x.18)
S '7(R +R- +R )

69 L 9KB

where Umc - the amplitude of input voltage Uin; Ri - the active resistance

in the frame of the measuring device with direct reading.

The given diagram assures practically undistorted measuring of

the input signals with intensity upto 55-60v (with tube 6X(fI in pentode

connection) at the maximum current of the recorder upto 5 ma.

In the apparatus of aerial electric prospecting, application

is made sometimes of the legarithmic vacuum-tube voltmeter(for instance,
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in the apparatus of the BDK method, where the measurable signal varies

in a wide range (118). The simplified diagram of this amplifier is

shown in Fig: 130 (193). The measurable voltage arrives at the input

of a two-stage amplifier on tubes with variable steepness, becomes

rectified by one half of the diode and read off the scale of the

electromagnetic microammeter, connected in series into its cathode

(loading) circuit. The amplified alternate voltage arrives at the

second half of the diode, where it is rectified and defined as direct

current voltage on load resistance R2 . This voltage in the shape of

negative bias is supplied to the grid of amplifying tubes. With the

rise of input voltage, the negative bias increases, while the

amplification factor decreases, which result in reduced relative

increment of the output voltage in relation to that of input. Due

to this, measuring device, graduated in units of output voltage, has a

scale similar to the logarithmic*.

An example of the diagram for measuring the modulus with linear

detector on transistor is the diagram in Fig: 131, where 1 - the phase-

invertor; 2 - the cathode (emitting) repeater (147). This diagram is

calculated for connecting with its input of recorder in the form of

automatic potentiometer. Detector T1, assembled on transistor (f 16, has

practically a linear characteristic curve; the most sensitive scale of

this type of voltmeter - 10 my.

* In the BDK apparatus developed by IAE SO AN USSR part of detected

voltage, proportional to the modulus of the amplifiable signal, is

supplied to antidynatron grids of tubes in the two tube circuit of the

logarithmic amplifier on pentodes (6)K 217). The ariation in controlling

voltage level by means of resistances, cut in into antidynatron grids,
makes it possible to approximate sufficiently accurately the preset

logarithmic curve.
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Fig: 130 Fig: 131.

In the compensation method of measuring on alternate current

a considerable advantage over other known methods of signal level

(modulus) measuring is that the instability of the amplification factor

in the intermediate (linear) amplifier practically does not affect the

measuring results. In this case, the serious difficulties encountered

are to construct a recorder - automatic potentiometer of alternate

current, which should have two regulating members and, therefore, two

servomotors. The main virtue of this method of measuring is the envelop-

ment by feedback of the whole system. However, to ensure the stability

and quick action of recorders in the presence of two interconnected

regulating members in the system is very difficult (246). Moreover,

for the automatic compensation of alternate current, it is necessary to

obtain the stable value of the key signal both in the modulus and the

phase, which is unobtainable in the apparatus of some of the methods in

aerial electric prospecting.
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6. Measuring of phase shifts:

The specifics of measuring phase shifts in the apparatus of

aerial electricprospecting is the variation, within a wide range, of

one out of two or, simultaneously, of both voltages, between which the

phase shift is being measured. One of these - the voltage of the

useable signal received by the field detector, is amplified and filtered

from noises in the measuring channel. The second voltage, in relation

to which thephase shift is being measured, is the comparative pressure,

little varying in intensity in the apparatus of the near zone method

and of considerable variation in the apparatus of the combined and

distant zone methods.

This voltage in the apparatus of the near and combined zone

methods is generated by the master oscillator and is supplied to the

measuring unit directly from the master oscillator, or from the

oscillating frame with dispesition of oscillating and measuring units on

one aircraft, or from the receiving frame, when the generating unit is

on one and the measuring unit on the other aircraft. If the field

emitter is on the ground (e.g. in the apparatus of the BDK method), the

key signal is sent to the measuring apparatus on board through radio-

channel. In this case, the comparative voltage phase should repeat the

current phase of the primary field source.

This specific behavior of the signals largely determines the

choice of the principle for measuring phase shifts, block and line

diagrams of the electronic phasometer in the apparatus of aerial electric

prospecting. Considerable amplitude variations of the measurable and key

signals can result in increasing the error of the phasometer, since in
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phase reading on the recorder, graduated in degrees, random increment

of its indications will be recorded as actual phase variation.

The most widely adopted circuits of electronic phasometers are

those with everlapping arrangement (congruence circuit, summation

circuit); with triggers (single-cycle, and push-pull circuits); with

linearly changing voltages; with frequency transformation; with phase-

detectors (FHD). The construction principle of the first four phasometers

is described in detail in (4 3).

Phasemeters with triggers and phase-detectors have become very

become very popular in the apparatus of aerial electric prospecting.

Phasemeters of this type are very accurate and not too complex.

Therefore, it seems expedient to discuss the principles of measuring of

phase shifts with these phasemeters and to give brief descriptions of

the diagrams of some of them, assembled for the apparatus of earial

prospecting.

The phase shift between two sinusoidal signals is measured as

follows. First, in order to obtain, at the output of the circuit,

oscillations similar to symmetric rectangular impulses, the signals

are amplified and limited. Then these oscillations are fed to the

circuit, sensitive to phase shift between the input pulses (time shift).

The phase-detecting circuit generatess the current (voltage), linearly

coupled with the phase shift. Amplitude errors in these circuits are

not high, as the levels of limited signals are kept 'constant with

sufficient accuracy.
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The main error in phasemeters is the one arising from the level

variation of the input signals, causing changes in their duration in

limited circuits. Therefore, the main requirement of the phase-detecting

circuit is to provide reading of instruments free from the effect of

possible negligible variation in the duration of input pulses.

Trigger circuit: Phasemeters, the circuits of which are based

on triggers with two stable positions, are widely applied in the

measuring technique. The simplest of these phasemeters is the

two-channel one with one trigger, providing unambiguous reading within

one period.

The simplified block diagram of the phasemeter with one

trigger is shown in Fig: 132. Rectangular voltages, obtained as a

result of preamplification and limitation of input voltages U1 and U2,

differentiate into short triggering impulses, delivered hence to the

trigger's input. The operating polarity of the differentiated impulses

may usually serve one polarity, and the other is eit r sheared off by

means of one-sided limiter or enters the trigger's 1ini without

affecting its operation. The indicator is cut in between the anodes

of the trigger's tubes or into the cathode c Tuit of one of the tube.

Key to Pigure 132:. .-- --- -- b - -e----- - ~- ~ e, Difierential)
a, Amplifier Ycnu - 4vmue- oocm- circuit;

limiter; meAb- pemupy- pOHHUU
oEpoHu- uwoa oapnu- g h i Uni 1 ateral,

b, Differential: umenb uen 4meb limiter;
circuit; Tpueee mop g, Trigger;

c, Unilateral d e _ h, Indicator.l
limiter; 0 melyb- neY P

d, Amplifier 0opOnu- - I a o poHn-

limiter; I  - -.

Fig: 132.
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Fig: 133 shows the impulse diagram of triggering device for

controlling positive half-waves of rectangular voltages. In one

condition the trigger sends into indicator current Im (other versions

of the trigger's operation are also possible, e.g. in one condition

current sent into the indicator is of positive direction, and in another-

negative). The average current of the indicator is preportional to the

phase shift. With phase variation from 0 to 3600, the average current

varies from 0 to Im . The short-coming of this phasemeter is the error

from zero shift in limiters and low frequency range (upto a few tens of

kilocycles) and also the error from hysteresis, specific for all trigger

devices.

u, IUI

0 I I

Fig: 133.

Two-cycle trigger circuit: Unambiguous reading of this circuit

is possible from - 180 to 00 and from 0 to + 1800. It is possible to
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avoid in the circuit the effect of level variations of both the

signals on the accuracy of reading in the output devices.

In as much as the two-cycle trigger circuit has higher

Q-factors (adequate range of angle measuring, lowest response to level

variations of input signals, unambiguity of reading, etc.) it has found

a widespread application in the measuring technique, including that in

the apparatus of aerial electric prospecting.

The simplificd block diagram of phasemeter with two-cycle

trigger is shown in Fig: 134. Here from the input of limiters-amplifiers,

the rectangular escillations are delivered to the commutating circuit,

where the pulses are differentiated and acquire the shape of peaks. The

starting positive pulses of channel I and negative pulses from channel II

are delivered from the output of the commutating circuit to the input

of trigger I, and the starting negative pulses of channel I and the

positive pulses of channel II - to the input of trigger II. As a result,

the output voltages of the triggers acquire the shape of rectangular

pulses, the duration of which is linearly bound with the phase shifts

of signals at the inputs of channels I and II.

Fimpg: lifi34.igger
er-limit 3
r,channe I

S itchin
circuit

plifie Trigger,
0-- limiter
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The diagrams of voltages and currents for various sections of

the block diagram shown in Fig: 134, which illustrate the operating

principle of this phasemeter, are shown in Fig: 135. The output

voltages of the triggers are subtracted and added to the output

device. The current transmitted through the device is proportional

to the phase shift between signals and could be positive, as well as

negative, when showing the sign of the measurable phase shift. The

two-cycle trigger circuit is insensitive to level variations of the

input signals, which could be explained in the following way. If the

level variation of the signal in channel I causes expansion of

positive half-waves of output oscillations, the pulses of both the

triggers elongate. With sinusoidal shape of the signal, displacement

of zero line leads to zero shifts similar in extent, therefore, the

trigger pulses elongate uniformly. Hence, their difference remains

practically invariable, therefore, the reading of the recorder does

not vary either. Thus, in this circuit, phase shifts are measured

with the transition of both sinusoidal voltages through zero. Let us

analyze in more detail the two main elements of the two-cycle trigger

circuit - the commutating circuit and the trigger itself.

U'l
6a cuenant g, Trigger I;

Key to Figure 13 Trigger I
a, Signal I; h, Trigger II;>,

a, ignal b CueM -no i, Current through,
b, Signal II device.
c,. Channel I; Kondvc
d, Channel II
e, Input, d KanaI

trigger I;' Be xod

f, Input, e
trigger/
II; g Tpuzeepl

TOi qepe3 t
i npu6op

Fig: 135.
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The commutating circuit: is meant for an appropriate selection

of starting pulses, formed out of rectangular by means of differentiating

chain. In low-frequency phasemeters, the differentiating chain usually

consists of resistance R and capacitance C, connected in series, to which

the differentiated voltage, e.g. Uin, is being delivered.

With certain R and C values, the output voltage, taken off the

resistance (Fig: 136), will be determined by the derivative of the

input voltage

dU
U = RC BX (X.19)
BbIX dt

dU
i =C c (X.20)

dt

If the resistance does not affect the intensity of the current,
dUBX

it may be assumed, that isC d t

With the input of the rectangular signal with certain finite

continuation of the front at the moment of voltage appearance, the
U.in

current attains by'a jump intensity R and the condenser begins to

charge. In measure with the charging of the condenser the current and

output voltage begin to decrease according to the exponent.

1

UBbIX = UBXe RC (X.21)
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The rate at which voltage Uou t decreases is determined by the time

constant of circuity= RC.

Fig: 136.

The differentiating chain builds two pointed pulses of

positive and negative polarity, which in their time position 
correspond

to the forward and rear fronts of the input rectangular voltage. Since

considerable decrease of pulse amplitude at the output of the differen-

tiating chain is undesirable, its resistance R is taken in the order 
of

several tens of kilo-ohms, or so, that R Rin, where Rin - the.

internal resistance of pulse source (in a special case Rin = Ra where

R - the load resistance of the output stage tube in limiter-amplifier).
a

S I

3 4

RS R9

Pnc. 137.

Fig: 137.
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Fig: 137 shows the diagram of differentiating and selection

of output pulses in two limiter-amplifiers, i.e. the diagram of the

commutating circuit. Let us trace the positive and negative steepness

fronts of pulse in one channel of phasemeter through the commutating

circuit. The positive front at input I unlocks diodes D2 and D3 and

locks diodes D1 and D4 . Elements of the differentiating chain include

capacitance C1 and resistance R2 . The differentiated pulse passes

through divider R1, R6, R8 and starts the first trigger, cut in to

point 3. The front of the negative steepness at input 1 locks diodes

D2 and D3 and unlocks diodes D1 and D4; differentiation takes place on

resistance R1 and capacitance C1 . The pulse passes through divider

R2, R5 and R7 and disrupts the second trigger, cut in to point 4.

The second half of the circuit (from limiter-amplifier of

channel II) is activated in the same way. The positive frontat input

2 also unlocks diodes D2 and D3 (C2R3 - differentiating chain), and the

differentiated pulse passes through divider R4, R7, R5 and starts and

D and unlocks diodes D1 and D (C2R - differentiating chain). The

pulse passes through divider R 3, R8 , R6 and disrupts the first trigger

(point 3). Thus, the first trigger starts by the positive starting

pulse of phasemeter channel I and disrupts by the negative pulse of

channel II, the second trigger starts by the positive impulse of channel

II and disrupts by the negative pulse of channel I. Therefore, the

given diagram assures the required selectivity of the starting pulse in

matched activity of the two-cycle trigger circuit.
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Since the calculated 'differentiating capacities are usually

of low value, to reduce the effect of parasitic capacitances of the

pulse selecting circuit, it is expedient to use point diodes D2-E.

Triggers: belong to the category of change-over devices.

They generate steep jumps of Uou t voltages at any preset moments of

time t1 , t2 ...... , fixed by the control voltage, which actuates their

input (Fig: 138). Triggers are often denoted as starters with two

stable positions of symmetry, and sometimes also with "electronic

relays" (82).

I i I -
I I I

tj t2  t3  t4

Fig: 138.

The trigger is capable of changing-over by jumps from one

position of balance into another every time, when the control voltage

at its input passes over some fixed levels - the operation thresholds

of trigger Utr. The controlling voltage, called the starting voltage is

most often a pulse or voltage jump.

Assuming at moment t - O the state of the trigger was determined

by symmetry point 1' (Uout = U1). With the action of starting voltage

(Fig: 139) of any shape, as long as the input voltage Uin = Us 4 Utr.1'

the point, showing the state of trigger shifts along the bottom branch
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of the characteristic curve and of U U1 (Fig: 139,c).

2 2' ' Key to Figure 139/

S, t a, Thresh4old 1;/
.. b ,'Threshold 2;'

_ (U'x) ~.Uthres 2 '

S Uop2 I . U0nopt thres 1

c I eI\ U .

, f, Uou

t I lopo I

e

I I

0 t

Fig: 139.

At moment tI , when Us = Utr.1, the point by a jump passes onto

the top branch of the curve. With this, the input voltage increases

by a jump to intensity U2(Uou t = U2 ) and remains almost invariable

during the whole period of Us > Utr.2

At moment t2, when Us = Utr. 2, the depicting point returns by

a jump from position 2 onto the bottom branch of the curve and Uou t

decreases to intensity U1.
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Thus, Uout, independently of the shape of the starting voltage,

has the appearance of voltage jumps (Fig. 139,c). The shape and the

intensity of Us establish only the emergence moments of voltage jumps.

The typical ideal starting (dynamic) curve of the trigger

shows output voltage U vs. starting voltage U = Uin, which
out s in

activates its input (Fig: 139,a). The top and bottom branches of

the curve correspond to the two possible states of stable balance.

Points 1 and 2 determine the limits of the stable conditions, i.e.

threshold voltages Utr.1 and Utr.2. The points of the curve's

intersection with the axis of ordinates (1" and 2") determine the

symmetry state of the trigger, in which it stays in the absence of the

starting signal (Us = 6).

The starting curve of the trigger has hysteresis properties.

This means that two alternating operations of the trigger occur at

vafious intensities of the starting voltage. The area of the curve,

confined between its lateral branches, is called the hysteresis area.

The width of the hysteresis region determines hysteresis voltage

Uh = (Utr.1 - Utr.2).

The quick action of the trigger is determined by the highest

number of change-over (operations), which it is capable of executing in

1 sec at constant interval between the pulses. The minimum interval

of time between two impulses of start, activating the trigger(without a

break), is called the resolving time of trigger T res . The limitation

of the trigger's quick action, coniected with finite duration of its

change-over from one state into another, is due to the finite steepness
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of the starting pulse front, the inertia of some of the non-linear

devices used in the circuit, and also the effect of parasitic

capacitances of the circuit.

The indicated factors determine, on the one hand, the finite

duration of the change-over of the trigger Tc o , resulting in changes of

its qualitative state; on the other hand, due to the effect of some of

the indicated factors, the trigger, after a routine change-over,

loses,, for some time, controlability (sensitivity to the effect of

subsequent starting pulses). The repeat change-over may be effected

only after some time required for the restoration of the trigger's

properties. Taking all this into account, the whole process of the

trigger's change-over from one state of symmetry into another can be

divided into three stages: start (Ts), tilting (Tt) and restoration

(T i).

The starting stage - initial part of the process, during

which the trigger, being in the symmetry state (point 1"), under the

effect of starting impulse is lead up to the threshold of operation

(to point 1). The procedures in this "passive" stage are unconnected

(or very slightly so) with the "internal" mechanism of the trigger's

operation.

The duration of the starting stage is determined mainly by

the steepness of the starting impulse front and the time constants of

the starting circuit and the input circuit of the trigger.

The tilting stage - active part of the dynamic process,

developing after the attainment of the trigger's operating threshold,

which results in the change-over of the trigger. On the starting curve,
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this stage corresponds to the transition of depicting point from one

branch of the curve to another.

The term tilting shows the unstable state of the trigger at

this stage, as well as the transience of the process development in

the trigger, which occurs with progressively increasing speed.

The duration of this stage depends mainly on the inertia in

the non-linear elements of the trigger, on the time constants of-reactive

elements, participating in the process of tilting, and on parameters of

the starting signal. In certain conditions, the process of tilting

may continue, terminating only with the cessation of the starting

signal action.

The total,-duration of the starting and tilting stages determines

the duration of the trigger-change-over from the position of symmetry

in one qualitative state into another qualitative state(which may or

may not be a symmetry state), Tco = Ts + Tt -

The restoration stage (includes also transitory stage) contains

the terminating part of the operating process, as a result of which the

trigger, being in the new qualitative state, attains the corresponding

state of symmetry (or a very similar state). The restoration stage

usually takes place in the absence of the starting pulse. The duration

of this stage is determined, as a rule, by the time constants of the

trigger's reactive elements, and in some cases - even by the inertia of

the circuit's, non-linear element.
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In phasemeters of the aerial electro-prospecting apparatus

the most widely adopted are the triggers, the action principle of which

is based on the use of properties in amplifiers with positive feedback

(82, 150). It is well known that in these systems it is possible to

build up suitable conditions for the formation of voltage jumps. For

the triggers, the application is mot often of two-tube push-pull circuits

in the form of two identical amplifiers on resistances interlocked by

a loop of positive feedback. The circuit of this type of trigger

is very similar to that of symmetrical multivibrator with grid-anode

coupling (32, 82, 120, 150). To obtain two states of symmetry, the

negative bias (twice braked multivibrator)is lead into the grid

circuit of both the tubes. Application can also be made of two-tube

systems with cathode coupling and others. For instance, the principle

of measuring the phase shift with the use of push-pulltrigger circuit

is used in the apparatus of induction method AERIS and AERI-2. Practical

application of this apparatus has confirmed the positive qualities of

these phasemeters.

Keyto Figure 140:a, Measured signal; b, Input switch; c, Amplifier-limiters; 
d, Differ-

ential circuits; e, Trigger I; f, Switching circuit; g, Switch for
measurement limits;h, Carrier signal; i, Square phase converter 0-360o
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,voltmeter and compensator; p, To the recording circuit.

voltmeter and compensator; p, To the recording circuit.
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The block diagram of AERI-2 phasemeter is shown in Fig: 140.

Sinusoidal voltages (measurable Ux and comparative Ucom), the phase

shift between which has to be measured, are delivered to limiting-

amplifying stages, in which they are amplified and transformed into

rectangular pulses of a certain amplitude. If the limiter-amplifiers

are sufficiently effective, the aignals at their output should have

the shape of symmetrical rectangular pulses. Differentiating chains

convert rectangular pulses of each channel into two pointed pulses

(of positive and negative polarity), which according to their temporary

position correspond to the forward and rear fronts of the rectangular

input impulses (i.e., to moments of transition through zero of sinusoidal

voltages U and U at the inputs). The commutating circuit, where

the pointed pulses arrive, distributes them according to sequence and

polarity and delivers them as starting pulses to the push-pull

trigger cirduit (triggers 1 and 2). The starting positive pulses of

the measurable signal channel and the locking negative pulses of the

key signal channel are fed to the input of trigger 1, and the negative

pulses of the measurable signal channel and positive pulses of these

key signal channel - to the input of trigger 2.

The output voltages of triggers are applied through the

change-over switch of the measuring limits to the direct phase reading

device. By means of the change-over switch, the shunt of the

appropriate value is cut in to this device. This ensures obtaining

of the preset limits of phase shift measuring (' 45, ± 90 and 1 1800).
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The voltage arrives to the recording circuit directly from the outputs

of the limiter-amplifier of the key signal channel, phase corrector

with adjustment limits 25-300, for rectifying the phase characteristics

of the channels (zero adjustment of phasemeter), and octant phase-invertor

with the measuring limits of phase l 1800 at 450 (through octant), for

expanding the recording limits of the phase shifts are set up. The

commutator at the input of the measurable signal channel permits with

zero adjustment of the phasemeter the delivery, at both the inputs of

the circuit, of the same signal (either the measurable or the comparative)

In this case, the octant phase-invertor should be in zero position,

and the zero adjustment of the phasemeter is executed by the phase

corrector.

The quadrant phase-coverter in the key signal channel with

adjustment limits 0-3600 - discretly at each quadrant (900) and

continuously within eadh quadrant - is required for the compensation

of the phase shifts, generated in the circuits of the measuring unit.

The line diagram of the phasemeter is shown in Fig: 141. The

measurable signal, arriving on contact 6 of the plug commutator

(position 2-4) and transitional capacity C4 1 to the input of the first

limiter-amplifier L4 . In position 2 of the switch P , the measuring

limit of the phasemeter is - 450, in position 3 and 4 - respectively

it is t 900, _ 1800. The first limiter-amplifier is assembled on

double triode on a circuit with cathode coupling and cathode load

devided by direct current.
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The direct current positive bias voltages are delivered from

divider R7 1, R7 2 , R73. To obtain steeper fronts in the limiter-amplifier,

lobw intensity positive feedback (R5 0, C43 ) is applied. The second

stage of amplification and limitation L5 is assembled according to the

usual circuit of the limiter-amplifier with cathode coupling. Finally,

the signal is limited in the third limiter-amplifier L6 . The limiter-

amplifiers of the key signal channel Lg - L10 are similar to those of

the measured signal channel.

Condensers C91 and C92 , cut in to the anode circuits and control

grids of terminal limiters-amplifiers, make additional improvement in

the shape of limited signals on high operating frequency. From the

outputs of the terminal amplifiers-limiters the limited signals are

fed to the differentiating chain and the commutator circuit (C53 , C68,

R 74 - R81 , diodes D1 - D4 ).

The triggers are assembled on double triodes L7 and L11 on the

circuit with cathode coupling and fixed positive bias for the left half

of the tube (dividers 82 - R85 and R122 - R125) and automatic - for the

right half. By means of potentiometer R 83 (R1 2 3) the bias level, at which

the trigger is tilted is adjusted. The level of the reverse tilting is

determined by the valu of resistance R93 (R132).

The output voltage of the triggers is fed to the direct reading

device of the phase shift. Resistances R134, R9 4 and R95 determine the

working current of this device at the first measuring limit of phase

angles (± 450o)
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From the anode loads of triggers R90 and R130 the voltage is

taken off for its subsequent delivery to the recording system of the

phase shifts. The input part of the recording circuit consists of a

divider (R135 - R1 3 7 , C73 - C74), symmetric in relation to the ground

with high-ohmic input, a three-section RC-filter (C75 - C7 7 , R13 8 - R145

for adjustment of the time constant and a transformer of direct current

input voltage into alternate (relay P1 1 type RP-4 and transformer Tr2).

The wire reaostat of the recorder is energized from the full-wave

rectifier activated by voltage 6.3v and assembled on transformer Tr and

diodes D5. 6 with RC-filter (C7 8 , R14 7, C 79) at the input. The stabili-

zation of the wire rheostat of voltage is effected by stabilivolt D7.

Resistance R146 is stabilizing, R14 8 - serves to adjust the current

supply voltage.

The ends of the wire rheostat through contacts 3 and 6 of the

socket SHR3(4)-6 are cut in to the source of its supply and to divider

R14 9 - R1 5 0 , through which the output signal of the phasemeter is

connected by one pole with the finishing system (wire rheostat), and

by the other to the transformer armature. The middle point of the wire

rheostat (contact 5 of the same socket) is connected with the middle i,

point of transformer Tr2 . The transformer (relay P1 1 ) is energized by

voltage 10v with frequency 100 cps. L1 2, L1 3 , L14 and L15 - the electronic

amplifier of recording with reversible divider RD-09.
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The key signal through contact 12 of the plug socket SHR3(4)-5

is delivered to the input of quadrant phase-invertor L1 , and hence - to

octant phase-invertor L2 , the commutator of the input and on contact 4

of the same socket for further delivery to the phase-detecting voltmeter.

In position 1 of change-over switch P3 the key signal is delivered

to both the channels of the phasemeter, and with "zero" position of the

octant phase-invertor the phase curve.of the channels is rectified by

the phase corrector (C36 - C40, R 3 6 ). P1 - P1 0 - the change-over relay

of phasemeter frequency. Resistance R45 is shunted by big capacitance

C90 and does not participate in the phase-shifting RC chain, but jointly

with resistance R4 6 forms resistance to the grid leak of the left half

of tube L8 . The octant and quadrant phase-invertors are both potentio-

metric; the principle of their action has been discussed in para 9 of

the present chapter. The cathode repeater on the right half of tube L3

works for the interstage separation of the octant phase-invertor and

phase corrector.

In zero adjustment of the phasemeter proper (first position of

switch P 3) the indicator is cut in only by shunt R94 and its pickup,

in this case, increases. This provides for a more exact correction of

the phasemeter's channels.

Diagrams of phasemeters with phase-detector: In a number of

apparatuses for aerial electric prospecting, the application was of

phasemeter, constructed on the principle of phase-detecting. Let us

analyze the diagrams of phasemeters, developed by FMI AN Ukr. SSR and IRE

SO AN USSR.
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The phasemeter of AERA-2 apparatus (FMI AN Ukr.SSR) is meant

for measuring and recording the phase-shift between the measurable and

key signals within the range 0-360 0 . The diagram of the phasemeter is

constructed on the principle of follow-up system, that comparison unit

of which is the FHD.

The simplified block diagram of the phasemeter is shown in

Fig: 142. The voltage of the comparative signal U arrives at thecomp

amplifier with amplification factor K = 100, hence to the limiter, the

output voltage of which remains invariable with the variation of the

signal at the input from 4 to 50v. The limited comparative voltage,

being commutating, is delivered through the matching cathode repeater

KP1 to the middle connecting point of dapacitors C1 and C2 of the

circular balance detector.

The voltage of the measurable signal U is delivered to thex

phase-invertor, after which two equal in intensity voltages Ux, shifted

in relation to each other at 1800, are fed through cathode repeaters

KP2 and KP3 also to the circular detector.

If phase shift CP , exists between the voltage U and Ucompx comp

then at the output of the FHD direct current voltage U , separates

proportional to preduct Ux cos e,. This voltage passes through filter

F with variable transmission band (adjustment le ) and inthe shape of

voltage Uout arrives at the recording circuit.
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The line diagram of the phas.meter, included in the set of

AERA-2, is shown in Fig. 143. In accordance with the action principle

of the phasemeter, its line diagram may be divided into three parts:

the channel of measurable signal Ux , the channel of comparative signal

U and the channel of controlling signal inthe follow-up system
comp

U Uout= '-_out .

Measurable signal channel: From the output of the selective

amplifier block the measurable signal is delivered to phase-invertor L9 .

Uniform antiphase voltages Ux are delivered through matching cathode

repeators L7 and L8 to the ring circuit of the FHD. From the output

of the measuring amplifier block, the measurable signal is also

delivered through matching cathode repeater L1 0 5 into level control

circuit of signals U and Ucomp
x comp

Comparative signal channel: From the output of the selective

amplifier in the receiver block, the comparative signal is fed to the

matching cathode repeater Lla , hence it consecutively passes through

four phase-invertors. The operation of the phase-invertor is based

on the known RC-circuit of the phase-invertor, assembled on phase-reversal

stage (see para 9 of the present chapter).

The first (continuous) phase-invertor Llb allows adjustment of

the phase shift between the input and output voltages at an angle

± 200 and serves for the primary setting of the phasemeter in the middle

of scale (zero). This is done by means of adjusting resistance R .

Resistance R8 limits the measuring range of the phase shift. Capacitances

C3 -C6 (commutated by plate SHI 3-1 of the step-by-step switch) serve for
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for the tuning of the phaseinvertor to one of the fixed frequencies of

the apparatus.

6Hffl t tj~ji 61 6Keyto-t Figure 142;)
6H317 PS 6H3n 6H3n 

Key
6m 0a-oVw- a, Amplifier.

ion UheA ODepaou- mn n3  Oepmop K 1= 0;'
WK00 tmea c b, Limiter;,
a I . c, Phase

inverter,

U out'

Fig: 142.

Phase-invertor L2a, which provides for adjustment of the

phase shift between the input and output voltages within 0-360 by jumps

at every 30 , serves for changing-over the measuring range of the

phasemeter (the commutation is carried out by means of relay P1-P8 and

the plate of step-by-step switch SHI 3-2). Phase-invertor L2b produces

constant phase shift of 900 between the input and output voltages and,

jointly with matching cathode repeaters L3a and L3b , serves to energize

the wire rheostat R r . The wire rheostat with limiting resistances R0

forms the circuit of continuous graduated phase-invertor to an angle

of zp = 600.
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Voltage Uol, taken off the rheochord arm, is fed to limiter-

amplifer L4, L5 . Amplifier L4 of this unit has the amplification

factor K = 100. The frequency characteristic of the amplifier is

linear within frequency range 200-2000 cps. At the output of L5

limiter a rectangular signal (pulse) with amplitude of about 30v is

emitted and, practically independent of voltage Uo, fed to the input

of the comparative channel input. Through the matdhing cathode

repeater L6 the output voltage of the limiter, now as commutating, is

delivered to the ring circuit of the FHD, to assure its operation in

the key method.

C3 f7 Z
C4 CU

P25 f2 9- "2

At P C 
5

Fig: 144.

Control signal channel: At the moment.of the follow-up system,

discrepancy at the output of the FHD appears direct current voltage

U_, which is filtered by low frequency filter (Dr. C39 C4 0 ) and
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delivered to the two-component - shaped filter (R65fR72, C4 1-C43) with

variable transmission band for the control of the time constant in

recording. The filtered voltage U is fed to vibrotransformer VP, which,

jointly with the input transformer Trl of the phase recorder amplifier,

serves to transform voltage U into proportional alternate current

voltage U. The excitation winding of the vibrotransformer and the

reversible motor of the follow-up system of the phasemeter are

energized from transformer with frequency f = 125 cps.

The composition of the phasemeter in the BDK apparatus developed

by IAE SO AN USSR (Fig: 144) includes a circular balance detector,

assembled on semi-conductive doides (D101), limiters of comparative

and measurable signals, a low-frequency filter and recording circuit

(not shown in the figure).

The comparative signal, arriving from the multivibrator, is

limited by means of basic silicon diodes (D809), amplified by the right

half of tube L5 to 30v and to the FHD through the cathode repeater

left half of tube L5.

For efficient limiting of the measurable signal, three limiting

stages are applied. The first stage - limiter with cathode coupling

L1 with limit threshold 5v - protects subsequent stages from overload

and related distortions. The second and third stages are assembled on

tube L2 with diodes cut in to its anode circuits. The output signal

of limiters is fed to phase-inverting circuit L , and then through the

matching cathode repeaters L4 - to the symmetrical input of the ring

detector. The direct current output voltage from the FHD output arrives,

after filtering, at the input of the recording circuit.
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With the perfection of methods and apparatus of aerial

electric prospecting the need for raising the accuracy of measuring

and recording the phase is felt. One of the comparatively easy methods

for reducing the error of reading and expanding the measuring range

of the phase is the application of subtraction circuit SV at the FHD

input. Fig: 145 shows the block diagram (a) and vector diagram (b),

explaining the operating principle of this phasemeter-recorder.

The subtractor circuit receives two signals - Uc and U (after

the phase-invertor F); to ensure normal stable operation of the follow-up

system one signal should be slightly high or than the 
other. For

instance, signal Uc is taken higher than U, at the moment when the

phase shift p = O, we will have at the SV output signal,~ U, which

is in phase with signal Uo . With the appearance of a slight phase shift

there is generation of voltageA', the projection of whichAUr is the

signal controlling the action of the follow-up system UP and RD. By

means of this system, the turn of vector Uc is carried on until the

projectiorAU r becomes zero, i.e., until at the SV input voltage&U

becomes fixed or there is no cP = 0. The phase is read off the

graduated phase-invertor F.

The advantage of this phasemeter is that besides the expansion

of the measuring range by selection of ratio independence of

phasemeter reading from thg instability of the FHD circuit is also

achieved, zero drift of which circuit has practically no effect on the

operation of the follow-up system. Experiments have shown that with

this circuit of the phase recorder it is easy to obtain error in phase

reading 3-5' (on fixed frequency), whereas in other systems of phase

reading the errors are about 1-20(89, 94).
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In the USSR apparatus for aerial electric prospecting, the

phase-meter recorders are similar to those described above; no informa-

tion is available about the phasemeters used in the apparatus of

foreign firms.

7. Measuring of components, their sum and difference:

Orthogonal components of the signal received by the field

detector (active and reactive components) cohld be measured compara-

tively simply by the phase-detecting voltmeter(FHD), based on the

phase-detecting circuit.

The simplicity of the FHD circuit, specially of ring-shaped

on semi-conductive diodes, and their high mettrological qualities are

the reasons for their widespread application in measuring instruments

of electric prosnecting apparatus, including the circuits of

phase-detecting voltmeters.

The standard block diagram of the phase-sensitive voltmeter,

included in the set of aerial electro-prospecting apparatuses, is

shown in Fig: 146. The FSV consists of the channel of measurable

signal Uc, the channel of the comparative Voltage Uc , the phase-
c comp,

sensitive detector and the recording circuit of component CPK

(I - indicator).

The measurable signal Uc arrives at the cathode repeater KP1,

which matches the input resistance of attenuater A with the output

resistance ofthe proceeding stage. Hence the signal is delivered to

amplifier YC1 for raising the level of the measurable signal and the

amplification factor could be controlled within certain limits. To
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the amplifier YC1 is cut in phase-invertor FI1, assembled on a circuit

with a separated load, from which paraphase voltages of the signal

are delivered to cathode repeaters KP2 and KP3, and hence - to the

circuit of ring-shaped FTID, to the output of which the device of

direct reading (or indicator) of the measurable component value

(92) is cut in.

KCP

Fig: 145. Fig: 146.

The comparative voltage Ucomp arrives at phase-invertor FI2

from the phase-shifting RC-chain FV, which turns the phase of the

comparative voltage at 900, which is required to make the measuring

of the reactive component of the measurable signal possible. After

the phase-invertor, the comparative voltage is delivered through

cathode repeater KP3 to amplifier YC2 , and hence - to amplifier-limiter

YO, from the output of which the rectangular voltage arrives through

cathode repeator KP4 at the FHD circuit. From the FHD output the direct
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current voltage is delivered through the time constant switch P to

recording circuit CPK.

The rectangular voltage is required for FHD operation in

the key method, which assures the best stability against noise and

linearity of the circuit's reading (101). For the limiter-amplifier,

it would be expedient to use cathode-anode limiting; to obtain

symmetrical to zero line limited signal and improve the stability

of the circuit in the amplifier-limiter the reverse feedback should

be on direct current (43).

The sum or difference of the reactive components of signals

with two different operating frequencies (see para 3 of chapt.V) may be

measured by the differential phase-sensing voltmeter (DFNV). The

voltmeter is a two-channel one, the circuits of channels are similar

to the circuit of the ordinary FHD. In construction, the DFHV should

have a minimum number of elements, i.e., if the apparatus contains

FHD for the separate measuring of components in the signals of two

different frequencies, the DFHV should have only those nodes of

phase-sensing voltmeters as functional, which assure obtaining output

voltages proportional to the corresponding components of the measurable

signals, addition or subtraction of which is effected in DFHV.

It should be mentioned that to remove the interaction of channels

with simultaneous measuring of the difference (sum) of components by

means of two FHD, the DFHV circuit is sometimes made more convenient

without galvanic coupling with the FHD detectors of individual channels.

In this case, DFIIV has a separate circuit of differential detectors,

operating continuously on one common load.
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The block diagram of DFHV, shown in Fig: 147 may serve as an

example of this.

The diagram has two channels. Channel I is fed sinusoidal

voltage Uxl of fl frequency, channel II - Ux2 of f2 frequency. The Uxl

voltage arrives at phase-invertor FI, by means of which two voltages

of equal amplitude are obtained, but shifted at 1800 as required for

the FIID operation. These voltages are fed to the FHD through cathode

repeaters KP.

- .--- - - "
I KOHan (7I)

K[7

lepe pamopo y

Key to Figure 147: a, Channel I (fl); b, Limit.switch; c, To recorder;

d, Channel II (f2).

Fig: 147.

To comparative voltage Ucomp of fl frequency is taken off the limiter of

the FHD block channel I and is supplied through the cathode repeater to

the phase-sensing detector of the first DFHV channel. The Ux 2 and Ucomp.2

are delivered in the same way to channel II.
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The FHD outputs are dut in to subtracting circuit CB. Addition

or subtraction of signals in the measuring of the sum or difference of

components is effected by changing the phase of FI phase-invertor output

signals in the second channel of DFHV by 180 0 (by means of the change-over

switch P). The same thing may be obtained by changing, for instance,

polarity of one of the signals of opposite to the FIID. The sum or

difference of components is controlled visually by the direct reading

device I, cut in at the output of the subtraction circuit and is

recorded by the recorder.

By means of the phase-detector, the component may be measured

in volts. With the use of the FHD it would be expedient to measure

the sum or difference of components in relative units and, during the

interpretation of results, to convert the obtained values into absolute.

As in the measuring of components separately, so in the measuring of

their sums or differences there may be positive and negative values.

Therefore, the direct reading device and DFHV recorder must have the zero

in the middle of the scale.

In measuring the sum of components, the input voltages of

signals with frecquencies fl and f2, measurable by separate FHD, should

be such that their sum would not exceed the extreme digit of the DFHV

scale. However, an excess during measuring is quite possible. Therefore,

to avoid the off-scale reading of instruments, the DFHV should be

provided with several measuring limits or with changing scale dial

divisions. On the contrary, measuring the difference of components,

more sensitive limits are required than for each FID individually. With
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this object, the DFHV is provided with several limits of measuring and

recording, less and more sensitive than for the individual FHD (e.g.,

0.5; 1; 2 and 4 times). And if the scales of DFHIV and FHV are identical

in dial divisions, then for the convenience of the mark on thediagram

tape of DFHV recorder, the measuring limit is denoted as "1:1". But if

the scale of dial divisions of DFHV is half that of FTV, the first scale

is denoted as "1:2" and so on. This type of DFHV circuit has been applied

in AERI-2 apparatus (127) (Fig: 148). Since both the channels of DFHV

are practically identical, let us take the work of only channel I.

The measurable voltage, preamplified in FIIV block, arrives

through contact 12 of the plug socket SHR 1 on the grid of tube L1

of the phase-invertor, assembled on the circuit with separated load.

The voltage from the anode R2 and cathode R5 resistances of the

phase-invertor is delivered through separating capacitors C3 and C4 onto

the control grids of cathode repeaters L3 and L5, meant for matching

the phase-invertor with thering-shaped detector, and hence, through

separating capacitors C7 and C11 , is fed to the phase-detector.

The comparative voltage is delivered through contact 10 of the

plug socket SHR1 to the grid of cathode repeator L and hence - the

middle connection point of capacitances C8 and C9 of the FHD. For the

filtering of comparative voltage, the output portion of the detector

is connected with the filter, consisting of bifilar throttle valve Dpl

and two condensers - C12 and C13°
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Channel II operates in the same way. However, here the outputs

of phase-invertor L2 are cut in to switch P1, by means of which the

output voltages may change their phase by 1800

The outputs of ring-shaped detectors of both the channels are

connected parallel on direct current. The direct reading device of

the measured quantity, cut in to the output, will show the sum or the

difference of the components, depending on the position of switch P1.

In the position "components sum" the polarity of the output voltages

in ring-shaped detectors is similar and they are added; in the position

"difference of components", the polarity of the output voltages is

different and they are subtracted.

By means of switch P3', at the output of DFHV, connection is

made of one of the four resistances R65 - R68, which serves as a shunt

for the direct reading device and the recording circuit. This provide

variation of limits of measuring and recording.

In position 1 of switch P3, the DFHV scale corresponds to FHV

scale (1:1); in position 2 - twice less sensitive than the FHV scale

(2:1); in position 3 - has double sensitivity of FHV scale (1:2); in

position 4 - four times more sensitive in comparison with the FHV scale

(1:4). As mentioned, scales 2:1 and 1:1 are used in sum measuring, and

1:1; 1:2 and 1:4 in measuring the difference of the components. In

range 1:1, the scale of direct reading device and of the recorder has

divisions 100-0-100. Hence it follows that in range 2:1 it will have

as though 200-0-200 divisions and in the range 1:4, respectively,

25-0-25 divisions.
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The recording circuit of DFHV is similar to the FHV circuit.

At the input of the recording circuit is cut in a two-sectional r7

shaped RC filter R69 - R72, C37 - and R73 - R76, C38 for varying the

width of the recorder's transmission band, the resistance change-over

of which is carried out by switch P4.

The rheochord'is cut in to block through contacts 5, 6 and 7

of the plug socket SHR1. The voltage on the winding of relay RP-4

arrives through contacts 1 and 8 of the same socket. Energizing of

the rheochord is form a full-wave rectifier with valves DGG-27, the

filtering of rectified voltage by F -shaped RC-filter C42, R82, C43,

and stabilization by silicon stabilitron D808.

Resistances R78 and R79 form the middle point of the rheochord

connection (on direct current) to one output pole of the ring-phase

detectors. The second pole is connected with the middle point of the

rheochord through the resistance of RC-filter and the mobile contact

of relay RP-4.

For rectifying the intensity of the input voltages Ux1 and Ux2

provision has been made for rheostats R3 and R26 in the anodes of

phase-invertors. Balancing of detectors is implemented by resistances

R18 and R41'

8. Measuring amplitude ratio of two voltages:

In aerial electric prospecting, as a rule, relative measuring

of two signals is carried out, received either by two field detectors

with a simultaneous two-frequency survey, or by two reciprocally oriented

field detectors in one-frequency survey (in the apparatus of induction
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method, VMP and linearly polarised field in the investigation of natural

fields, etc). In these cases, it would be expedient to measure the

amplitude ratio of the received signals, which permits interpreting suffji

iently'logarithmic the results of geophysical investigations. For

this purpose, it is possible to use quick-acting logometric compensation

systems and special electronic devices (171, 188, 196).

The (104) describes the method which permits measuring the

ratio of various combinations of two voltages. The principle of the

method lies in converting two direct current voltages (or two previously

rectified alternate current voltages) into alternate current voltages and

their quadrature adding with subsequent measuring of phase angle between

the total vector and the vector of voltage, executing the transformation.

Let us analyse this method in more detail.

+ \\

0 0 6+

Fig: 149.

Two vectors are present of voltages: U1 = U1m sin ()t and

U2 = U2m sin (O t + P ), lying at random angle Cf to each other

(Fig: 14 9,a). After the rectification of each voltage separately, we

obtain two direct current voltages: U1 = k1 (U1 ) and U2_ = kl (U2),
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proportional to moduli of voltages U1 and U2 . Subsequently, direct

current voltages convert into alternate on frequency CO o with

simultaneous turn of one of them at 900 angle (Fig: 149,b). At the

output of the modulator there will be again two alternate voltages,

generally of different frequency shifted at 90 , i.e.

U1 = klk2U1 sin (W,+ = klk 2 cosot (X.22)

U2m = klk2U2 sin (CAt,

where k2 - the transmission factor of modulators.

As a result of adding two quadrature voltages U _ and U2-, we

get resultant (third) voltage

U3= klk k U cos ot + U2 sin 60t =
3,- 1 2 3 1 2

C2 -2
klk2k U +U 2 sin ot + arctg (X.23)

where k3 - the transmission factor of summator circuit.

Voltage U3 is shifted at angle 6= arctg i2 in relation to U2

or, which is the same thing, in relation to the vector of voltage,

controlled by modulators.
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Measuring by any phasometric system the phase shift between

the ultimate voltage and of the then converted one, it is possible

to determine the amplitude ratio of these signals. Since the

indications of phasemeters are independent of the implitudes input

signals, the scale of the phasemeter could be graduated directly

in moduli ration of two voltages.

A block diagram, serving to measure the moduli ratio of two

voltages of one frequency, as woll as of two frequencies, is shown

in Fig: 150. It includes two amplitude detectors AD1 and AD2, two

modulators M1 and M2, controlled by auxiliary voltages U and jUo

with frequency, generated by the cominutating voltage generator GKN,

summation S and phasometric FM circuits. The modulators are controlled

by voltages in quadrature; therefore, the voltages at their outputs

will also be in quadrature. Addition circuit could be the tube cascade

or (in simplest case) active resistance, through which currents are

transmitted shifted at 900. The modulators could be energized by one

and the same voltage with subsequent turn in phase at 900 of one of the

transformed voltages. In the ratio determination of two direct current

voltages there will be nt amplitude detectors.

An important condition for the normal operation of the system

is the high accuracy of quadrature between the voltages controlling

modulators, and also the application of phasemeters of higher accuracy

the measuring error should not exceed 0.5-1.00 (24, 43, 114).
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Fig: 150.

Since ordinarily the pickup of phasemeters is close to zero

with measurable angle & -+ 0 or & -180, it is expedient, in presetting

possible values of the measurable ratio, also to choose the phase of

the comparative voltage of the phasemeter. For instance, the diagram

shown in Fig: 150 is convenient for measuring on the condition that

U0 UU
1) 1 . But U ( 1, then for the control of the phasemeter it

would be more convenient to feed the comparative signal jU

a, Switch; g, Geferator f

and filter f Mtmamop ~nmrb menmop. h Amplifier f;
c, Detector;. i, Amplifier f;
d, Ampifier g reneoop j, Limiter .f;

'; i detector; /
e, Phase sen- j k 1 i, Recorder 4'.

detector;
f, Recorder A;

Fig: 151.
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Measuring of the amplitude ratio with higher accuracy could

be carried out by means of a circuit, operating on the commutation

principle (232, 234) (Fig: 151). The distinctive feature of this

circuit is that the measurable voltages U and U are not compensating
x z

each other. With the help of the commutation method, the difference

is measured of moduli PA U = (U ) - (U ) of signals U and U and
x z x z

phase shift& =pl4 - cRIp between them. In this case, the

measurable difference of moduli L U is equivalent to their ratio, i.e.,
U

x
quantity A = U .

z

Difference & U is produced by means of the electronic commutator

which connects to the input of the amplifier with filter f voltages Ux

and Uz alternately. The change-over frequency fo of the commutator is

preset from the individual generator. The detected signal arrives at

the input of the amplifier with filter, tuned to commutation frequency

fo, and from its output in the form of an envelope with frequency fo

arrives at the phase-detector, which also operates on frequency fo (the

generator supplies comparative voltage Ucomp). At the FHD output,

amplitude recorder A is cut in a device with zero in the middle of the

scale. The increment sign ofAU is determined by the FHD circuit.

The phase shift between the voltages of U and U signals is
x z

measured in the second channel. The amplifier and limiter impart to Ux

signal an almost rectangular shape. This signal arrives at the circuit

of the second FHD, which receives on signal frequency f comparative

voltage Ucomp from the amplifier of Uz signal. From the output of FHD

voltage, proportional to phase shiftA&C is supplied for recording to

phase recording circuit.
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Fig: 152.

The commutator voltage curves are shown in Fig: 152. When

amplitudes of comparative signals U and U are equal, the envelope of
x z

voltage U at the output of the detector will be almost a straight line

(Fig: 152,&). If U = U the U voltage is step-shaped, as shown in
x z

Fig: 152,b, and, by means of the selective amplifier, it is possible

to separate from it the first harmonic of commutating voltage, with

frequency f , i.e., signal L U', the intensity of which is proportional

to difference (U) - (Uz ) or ratio -UxJ (Fig. 152,c).

9. Phase-shifting circuits and phase-inverters:

In phase measuring and in measuring by means of the FHD, the

important elements of units in the apparatus of aerial electric

prospecting, besides the phase-shifting and phase-inverting chains, are

the phase-inverters with the measuring range of phase shift from

0 to 3600.
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0 c R U C

PHc. 153. PHc. 154.

Fig: 153. Fig: 154.

The most popular and convenient for obtaining and controlling

the phase shift within a small range is the circuit, which is a

combination of active R and reactive x resistances, connected in

series. The latter is usually the condenser of constant or variable

capacitance C. For instance, the elementary chain, shown in Fig: 153,

is the simplest circuit for obtaining phase shift upto 900. Analysis

of the given chain shows that by varying the ratio of its elements

within limits from x = R to x R (x ) it is possible to vary

the phase shift between voltages at input (U) and output (UR ) of the

circuit from 45 to 0

If the RC-chain is cut in according to the diagram shown in

Fig. 154, then with variation of ratio between resistances R and x in

the same limits, the phase shift between voltages at the input and

output of the circuit varies in the interval 45-900.
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By conforming to condition x = R the phase shifting chains

(see Fig: 153 and 154) make it possible to obtain additional phase

shift 1 450 without an appreciable reduction of the output voltage.

But if R > x (see Fig: 154), the phase shift between voltages at

the output and input of the circuit will be close to 900, but then

the voltage at the output will be considerably lower than the voltage

at the input and will vary during the adjustment of R. Moreover, the

circuits, simil-r to those shown in Fig: 153, 154, do not have

sufficient linearity and it is difficult to use them as graduated

linear phase-inverters. Nevertheless, the chains are widely applied

in composite phase-invertors, meant for changing the phase shift

within a wider range (e.g. upto 1800). Combination of chains with

phase-invertors, providing phase shift at 1800 and assembled on

electronic tubes or semi-conductive triodes, enables the shifting

of phases in an easy way by 3600 (10).

00R2 R

I B

PHc. 155. PHc. 156.

Fig: 155. Fig: 156.

To obtain a phase shift of 1800, the use is often made,

besides the phase-invertor, of the transformer, the secondary winding

of which has either a middle branch (Fig: 155,a), or an artificial

middle point (Fig: 155,b).
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Phase-invertors, which permit changing smoothly the phase

of being lead-in voltage within a range of upto 180
0 , usually consist

of adjustable and constant active and reactive resistances, cut in on

the bridge circuit (Fig: 156). Investigations show that the nature of

voltage variation at the output of this phase-invertor, with the

adjustment of phase shift, is determined by the ratio of resistances
R2

R1 and R2 . At - = 1 voltage amplitude at the output of phase-

invertor U2 with adjustment of phase by variation of resistance R

remains constant and equal to half the amplitude of input voltage U1 .

In this case, the phase angle Cp is determined from formula

2n

Cp= arctg (X.24)

where

n =
OD CR

From formula (X.24) it follows that at n = 1 the phase shift,

generated by the phase-invertor, is 900, and the extreme n values (zero

and infinity) correspond to phase angles 1800 and 0. Phase shift over

1800 is most simply obtained theoretically with step-wise connection of

phase-invertbrs, as a result of which to phase shift C of the first

phase-invertor is added phase shift C. of the second and so on. However,

it is difficult to carry this out in practice, since it is necessary to

take into account the interference of individual phase-invertors.
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Potentiometer phase-invertors should be considered the most

acceptable for operation on frequencies of aerial electric prospecting

with adjustment of phase shift within the range 0-3600. Their main

advantage is that they are free from transitional processes and are

easily shielded. The disadvantage is the difficulty of assembling

phase-invertors with low error of phase angle reading.

The base of the potentiometric phase-invertor contains a

closed circular potentiometer with linear winding, at four points of

which voltages are supplied from individual phase-invertors shifted in

phase with respect to each other at 900 (Fig: 157,a). By moving the

side along the potentiometer it is possible to change smoothly the

phase shift of the output voltage within limits 0-3600 (10). The

equivalent circuit of one quadrant -2- of potentiometric phase-

invertor is shown in Fig: 157,b.

U cos it

Usin 6t 112 -Uisin Wt

4 13
-ucoswt

Fig: 157.

Applying the principle of superimposition, output voltage is

determined from this formula (220)
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2
U BbIX sinA) t + - cos 0 t (X.25)
BbIX TT

Denoting

7tr
2

= A sineC, = A cos r
n IC

we obtain

UBbIX = A sin (0)t + ). (X.26)

The modulus of this formula

2 22

A = + (X.27)

and phase

(P= arctg (X.28)

2
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Analysing formulas (X.27) and (X.28), we will find that

within one quadrant the phase angle varies from 0 to 900, and the

output voltage (modulus), varying slightly, passes through its 
minimum

value, corresponding to the position of the slide in the middle of

the potentiometer (0=450):

A = U BX (X.29)
BblX.MNH

Parameters of other quadrants of the potentiometric phase-invertor are

determined in the same way.

Potentiometric phase-invertor could be made not only in the

shape of circular locked potentiometer with four feeding points, but

also in the form of four resistances equal in value (three constant,

and one adjustable), connected in series. The constant resistances

form three discrete phase quadrants, and the adjustable - an even

phase quadrant (Fig: 158a).

#-------Ta

10u R, I o2 H 9

a02 °2 b
RR K'apamyp-

R2 H037 0P0-

R R5

3o 02 oilo utf-
40 03 BepcH

.o

--a, ase inverion-cascascade; b, Square phase -ft circui

c, Phase inversion cascade.-

Fig: 158.



In order to obtain with one adjustable resistance the control of the

phase shift within the limits 0 - 3600, phases of voltages feeding the

rheostat phase-invertor should alternate. Provided for this is a

special phase-invertor circuit (Fig: 158,b) and four-arm change-over

switch for positions (Fig: 158 ,a). In this way, the output of the

circuit has phase shift within 0 - 3600 by jumps over each quadrant

(0; 90; 180 and 2700) and evenly (0-900) within each quadrant.

For a more even and exact setting of the phase shift in series

with the main adjustable resistance, an additional one is switched on,

the value of which is usually 0,1 R. However, it should be kept in

view that the cut in of this resistance increases the intensity of

the output voltage, as compared to that obtained from formula (X.27),

since the electric symmetry of quadrants changes.

Apparently, the greater the length of the active part of

adjustable resistance, the more convenient and accurate will be the

adjustment of the required phase shift. The choice of high-value

resistances of the potentiometric phase-invertor (several tens of

kilo-ohms) is useful for low shunting of load in the phase-invertor or

transformer, and also for reducing power consumption by the

phase-invertor.

Step-wise variation of the phase shift, at every 45 (octants)

within 0-3600, may be effected also by means of quadrant potentiometric

phase-invertors. This is done by dividing each of the four resistances,

forming the locked potentiometer, into two equal parts. A block

diagram of such an octant phase-invertor is shown in Fig: 159.
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With an appropriate commnutation, the voltage at the output

of the phase-invertor (between the ground and points 1; 2; 3; 4; ... ) will

vary in the phase by jumps at 450. At point 8 the phase shift will

attain 3150.

The error of the potentiometric phase-invertor is determined

mainly by the accuracy in selecting arms resistances of locked potentio-

meter and may be not ever 1% for the octant or quadrant.

Another type of low-frequency phase-invertor, enabling us to

obtain even the phase shift of signals within 2C , is the phase-invertr

with rotating transformer (for example, VTM type). In this phase-invert r

the phase shift depends on the angle of rotation of the revolving

transformer rotor.

Scu 2 R2 . Key to Figure 159:

ocnaL -- ja, Squaring phase
IO8 3 2 converter

ai 4 circuit;

R,6 b, Phase inversion
eaou- 6 R5  cascade;

KCKG c, Phase inversio
cascade.

Fig: 159.

One of the diagrams of phase-inverter with VTM is shown in

Fig: 160 (160, 161). Here the input signal Uin is fed to the rotary

winding. Voltages on reciprecallyperpendicular stator windings are

written as



e1  = U1 cos ef,)t,

e 2 = U2 sin Oe '

where 0 - the angle of rotati-on of VTM rotor; 6) - the angular

frequency of the input signal.

If R = R2 = R, C1 = C2 = C and for a certain part of signal
1-

we have R = 1 , with amplitude partly of voltages on stator
Lo C

windings (U1 = U2 = Um) and whenCO R1 C1 = OR2 C2 = 1, then for the output

signal we get

U BbX e 0Los ( 0 - - + j sin O - --Bl(X (

U L
S-- e (X.30)

From formula (X.30) it follows that the vector of the output

voltage is shifted in the phase relating to the vector of the input

voltage by an angle - , i.e., the phase shift of the output

voltage, with appropriate selection of phase-invertor parameters and

a certain initial setting of its scale, is proportional to the angle of

rotation of the VTM rotor, and the amplitude of this voltage does not

depend on the rotor's rotation. However, if C0 (O0 or phase-invertbr
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parameters are not precisely matching, there is an error in the

setting of phase shift and the amplitude of the output voltage

depends on the angle of the rotor's rotation.

0

e .e

,2 q .. b

,a . ~ou Uin;b,

. g: 160. i : 1 1.

A diagram of phase-invertor with VTM, in which the error due

to the inequality of stator windings parameters is somewhat lower,

is shown in Fig: 161. As distinct from the diagram, shown in Fig: 160,

in this one the voltage Uout is taken off the active divider R2, R3

and from the connection point of resistance R1 and condenser 01.

R, Ur R, E.
a, Un; b,, Uout ,

C, C 2T I E
4 DR R3

Fic: 162.
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The presence in the phase-invertor with VTM of two RC-chains

complicates the diagram and its tuning, however, this phase-inverter is

simpler to make, more reliable in operation than the potentiometric.

Moreover, it has the advantage of unvarying amplitude of the output

voltage Uout with variations of the phase-shift at fixed operating

frequencies.

When the use of standard automatic potentiometer is made as

phase recorder then the adjustable element of the phase-inverter.should

be its rheochord. In this case, the most convenient the diagram are those

in which the.rheochord is grounded and has low resistance (upto 1 - 2 kohm.

A diagram of such a phase-invertor, plotted on RC-chain and phase-invertor

on semi-conductive triode T1 , is shown in Fig: 162. The adjustable

element is the rheostat Re, the voltage amplitude at which (at point F)

may vary from 0 to (Uo ).

The vector diagram, explaining the operating principle of this

phase-invertor, is shown in Fig: 163. To obtain linear relation of the

phase to the arm of resistance Re the output voltage Uou t is taken off

not from point B, as usual (90), but from point E. With total change

in the position of arm F from 0 to D angle OC varies from the position

of vector E F to the vector position E-, or by angle 2 o( . The

R2 + R
magnitude of the angle depends on the chosen ratio 2 and R2/R 3 .

0c 0
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A 04 03 02 , F4  F3  F2  F, FD

E

Puc. 163.

Fig: 163.

Resistance values, with adopted value of capacitance, known

frequency and preset variation of 2C could be determined from formulas

R2 tg ; R (X.31)
= C Co0 C sin 2a

The maximum error of deviation from linear scale tkK is determined

from ratio

tg 0.56 (.
h KMaKc = + 0.56 +-- (X.32)

tg Q(

and

OF
K =

OD

=-~ ( (o AR, : R).
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Rk value in the diagram, shown in 
Fig: 162, is determined by

parameters of rheochord Re (Rk ;: Re). This rheochord is usually

brought out into the phase-recorder block.

A diagram of phase-invertor at four fixed frequencies, assembled

on electronic tube, is shown in Fig: 164. The selection of one of the

four frequencies is made by the connection of appropriate capacitance

(Ci - C4 ).

10. Remote control of field detector and preamplifier:

In the apparatus of aerial electric prospecting, field detectors

and preamplifiers are either brought out into the outboard gondola, or

placed directly outside the aircraft at some distance from the 
aircraft's

personnel. Therefore, the control of the operating frequencies of the

receiving channel (of field detectors and preamplifiers) and the

checking of its efficiency are carried out at a distance, which, of

course, considerably reduces the non-productive consumption of flying

time and simplifies the work of the operators.

If multicore cables are used for electric coupling of the

receiving channel with the measuring unit the scheme of remote control

is not complex and, hence, is of no interest for an analysis. With

the letting out of the gondola on wire, cable with a limited number

of current-carrying cores (e.g. three cores and casing) the diagram of

remote control becomes much more complex. This kind of diagram has

been used in the apparatus of the induction method (AERI-2) and the

BDK method (AERA-2). Let us analyze in more detail the operation

control diagram of the receiving channel in AERI-2 (127).
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The retuning of field detectors from one frequency to another,

as well as control operations, connected with the commutation of the

gondola amplifier input, are executed remotely from the block of

stabilized rectifier of the gondola amplifier, which, jointly with

other units of apparatus, is set up in the plane cabin. The line

diagram of the gondola amplifier (see Fig: 117) shows the circuits

and their elements, participating in the above operations.

Remote control and the required commutation of elements in the

input circuit are effected by means of the usual step-by-step switches

SHI-1. for 12 positions and small-scale relays type PCM. A ddscription

of the operations, which are executed the step-by-step switch of the

gondola amplifier in AERI-2, is given in Table 20.

TABLE - 20

Position of Switch Channel I Channel II Decoding of Operations.

1 243 cps 974 cps
2 243 cps 1949 cps Receiption of signal or calibra-
3 245 cps 3898 cps tion of field detectors on the
4 487 cps 1949 cps indicated frequencies.
5 487 cps 3898 cps
6 974 cps 3898 cps
7 K.z. k.z. k.z. - input short-circuited

(at common minus).
8 K.z. e.c. e.c. - input short-circuited per

alent of field detector.
9 k.z. k.l.b.

10 k.l.b. k.z. k.l.b. - calibration of
amplifier.

N.B: 12th position is used for checking synchronism of the stepbs ~
switch in the gondola amplifier and indicator operations of the
stabilized rectifier block.
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RgR,

Fig: 164.

The explain the interaction of elements in the *emote control

system, Fig: 165 shows the diagram of change-over and delivery of

pulses, feeding the winding of the step-by-step switch in the gondola

amplifier.

The voltage of received signals of operating frequencies is fed

to the separating filters of compensators in both the channels through

condenser C1 9 , cable core, contacts 2 and 3 of Kn button controlling

step-by-step switch and fitted in the stabilized rectifier block of the

gondola amplifier. The winding of finder SHI2 of the gondola amplifier

is not connected with the amplifier input in its operating conditions,

since relay P1 0 is energized from the anode circuit of the gondola

amplifier and its contacts are unlocked.
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Key to. Figure 165I

----- --- +120 a, Measured -.

3ed ej signal;
- 2 - b Go d b odOla

R9c IIG ( .amplifier;,
c , Cotnecting. '

Cz Po Toc-Ka6eb 4 cable;
_ + d, Measured

a 3MePeMbUA signal;
e, Stabilized \

p 9Cs LI Ml rectifier of-

gondola2 e amplifier
Cm6unu3supoaHb a i r

b rFOHOObHbld "binpMumen.ycuumeJ _ _ia-n .-

Fig: 165.

With the pressing of Kn button, contacts 2 and 3 unlock and

the inputs of the separating filters are cut out. The power supply

voltage of the amplifier (+ 120v) is fed through the contacts of

double-finder SHI1 (indicator of synchronous operation of finder SHI2 )

to the winding of relay PI which, by operating, breaks the supply

circuit of voltage into the gondola amplifier. Relay P1 0 of this

amplifier becomes de-energized and connects by its contacts finder SHI2

with the signal core of the cable, to which, through the winding of

finder SHI1 , contacts 4 and 5 of Kn button and resistance R4 (damping),

voltage is fed + 150v. In this case, both the finders operate

simultaneously, shifting their brushes by one step.

If the button is released, the finders fix their new position

and the original circuit is restored. When the button remains pressed,

onto the winding of the finders a routine feed pulse arrives, after they

move by one step, after which the finders move another step and so on.
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S3898 Key to Figure 166)

Q.-W 1 487- 389 a, '.Channels I-11/

K.3.- . . 487-1949 , IMA-1960;
K46 .-K 243-3898

3. g a 765 4 e243-1949 ; I- I
I 243-974 k AERI-2,---

al Konan X ma b
\ IMA-19608. A3PH-2

Fig: 166.

Since the shifting of brushes is only possible in one direction, with

continuous pressure of the button through twelve steps of the finder,

the cycle is repeated. Connection in series of finders SHI1 and SHI2

provides for a reliable synchronism of their operation. The position

of brushes of both the finders is controlled visually. Brushes of SHI1

finder have an arrow attached, which shows on a dial (Fig: 166), fitted

on the front panel of stabilized rectifier block (Fig: 167), the position

of the finder's brushes.

Let us analyse the operation of remote control elements in

the change-over of operating frequencies and other control operations

for positions of finder brushes 1-12 (see Fig 117). Positions 1-6

provide for the tuning of magnetic field detectors to the operating

frequency and amplification of the received signals. Positions 7-12

are for control and calibration. The third field of finder SHI-III

connects balast resistances R43 and R4 6 , required for providing
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Fig: 167.

continudus resistance of relays group connection.

Position 1: Along channel I - on frequency 243 cps, on channel II

frequency 974 cps. Operate relays P1, P4' P7' P8 and P9. Relays P1 and

P4 connect capacitances C1 and Cq of tuning, relay P7 - the field

receiver of low, and relay P8 and P - the field receiver of high

frequenc:es with the control grids of the corresponding cathode repeater

tubes (L1 and L2).
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Position 2: On channel I - on frequency 243 cps, on channel II -

on frequency 1949 cps. Operate relays P1, P5 P7 and P . Relay cuts in

capacitance C5 for tuning the section of coil of the field receiver of

high frequencies to frequency 1949 cps. The functions of the other

relays are described above.

Position 3: On channel I - on frequency 243 cps, on channel II -

on frequency 3898 cps. Operate relays P'1 P6 P7 and P 9  Relay P6

cuts in capacitance C6 for tuning the coils section of HF field receiver

to frequency 3898 cps. The functions of the other relays are the same

as above.

Position 4: On channel I - on frequency 487 cps, on channel II -

on frequency 1949 cps. Operate relays P2' P5' P7 and Pg. Relay P2

cuts in capacitance C2 for tuning the coil of LF field receiver. The

functions of the other relays as above.

Position 5: On channel I - on frequency 487 cps, on channel II -

on frequency 3898 cps. Operate relays P2 P6' P7 and Pg, carrying out

the same functions as above.

Position 6: On channel I - on frequency 974 cps, on channel II -

on frequency 3898 cps. Operate relays P . P6' P7 and P . Relay P3

cuts in capacitance C3 for tuning the coil of LF field receiver.

Functions of the other relays as above.

Position 7: The input of the gondola amplifier on both the

channels is locked to common munus.- the measuring is of internal noises

and inductions. Operate relays P 1 P4 and P8. Relays P1 and P4 cut in

by the second group of contacts controlling the grids of tubes L1 and L2
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Position 8:

Input of gondola amplifier on LF channel is locked on the

common minus, and on HF channel - on the equivalent to field

receiver resistance (on the average frequency for the given field

receiver). The operation is of relay P1 and P6 Relay P 6 cuts in

by the second group of contacts resistance R1 5.

Position 9:

Input of gondola amplifier on the LF channel is locked on the

common minus, and on HF channel calibration circuit is .eing prepared

of the gondola amplifier. The operation is of relay P 1 and P5.

The P5 relay cuts in by the second group of contacts control

grid of tube L2 to divider R1 4 , R4 8 ' R1 3 , to which the calibrating

voltage is being input.

Position 10:

The input of the gondola amplifier on HF channel is locked

on common minus, and on LF channel preparation is being made of

the calibration circuit for the gondola amplifier. Operate relays

P2 ' P4 and P8. Relay P2 cuts in the control grid of tube L1 to

divider R13, R4 8 , R 1 4 , to which the calibrating voltage is being fed.

Relay P8 remains idle.

Position 11:

The input of the gondola amplifier on LF channel is locked

on resistance R1 6 , equivalent to the resistance of field receiver

on its mediun operating frequency, and on HF channel - on common

minus. Operate relays P3' Pq and Pg. Relay P3 cuts in by the

second group of contacts resistance R16 Relay P8 remains idle.
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Position 12: The cophasal operation of the gondola amplifier

finder and of doubler-finder of the measuring group is checked. In

this case, the circuit is broken of the filament-anode supply of the

gondola amplifier, which is fixed by control device as cogumption by

the gondola amplifier of rectified current.

A slightly different system of remote control has been used in

the BDK apparatus (90). Let us examine the diagram for the choice of

operating frequencies of AR-2 apparatus, shown in Fig: 168, which is

also semi-automatic and enables, by pressing button K1 "Type of work",

the switch over of pertinent circuits in all the blocks of the apparatus

during transition from one frequency to another. Signalling regarding

the type of work is carried out by means of light dial.

In the initial position of K1 button capacity C7 is charged upto

the voltage of the power network of helicopter + 26v. At the moment of

pressing the button, the capacity discharges through the winding of

relay PI. The relay operates and by means of contacts Kpl cuts in the

circuit of contact-relay P2, and through its contacts KP2, the supply

circuits of all step-by-step switches SHI of the measuring unit. Step-by-

step switches operate, and their brushes pass on to the next contact.

During this time the discharge current of capacitance C1 reaches the

intensity of relay P1 release current, as a result of which contacts Kpl

become unlocked; this is followed by the unlocking of condenser-relay

contacts Kp 2 , and the supply circuits of the step-by-step switches

de-energize. Duration of the discharge time is easily adjusted, since

it is determined by C1 value and the release current of relay P1, i.e.,
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by parameters of the discharge circuit.

One of the plates (ST I1 4 ) of the step-by-step finder SHI1 in

the block of selective amplifier, is used for the commutation of power

supply circuits of signal bulbs L1 - L12 , which are located on the

light dial. The remaining plates (SHI1- 1 and SHI1-3 ) are used for

the commutation of appropriate circuits of the selective amplifier.

The winding of the step-by-step finder SI1I 2 in the phasemeter

block is connected with the power supply circuit of step-by-step finders

through contacts of button K2 "Synchronization of SHI". In the operating

position, the button is released and the control of the step-by-step

finder is executed by button K1 - K2 button serves to set the step-by-step

finder SHI 2 in the initial position. With the pressing of button K2 the

winding of the step-by-step finder is cut in to the board network, which

causes it to operate. In position 12 ("Control SHI") plate SHI2 _4

switches on signal bulb L13. The remaining plates of this finder

(SHI2-1 - SHI2-3 ) are used for the commutation of phase-shifting circuits

of phase-inverters in the phasemeter block.

The control circuit of the step-by-step finder SHI3 in the

receiver block is similar to the control circuit of the step-by-step

finder in the phasemeter block described above. The supply and control

circuit of the step-by-step finder's position in the outboard gondola is

comparatively complex, since for the coupling with the gondola the use

can be made only of two cables - signal and minus.
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The command relay P3 in the receiver block has control circuit,

similar to the one described above. This relay can be cut in by means

of Button K1 in the selection of the type of work, as well as by means

of button K3 in position control of the step-by-step finder in the

gondola.

With the winding connection of relay P , the signal cable

through contact group Kp3 gets connected with filter output (+ 240v) of

the stabilizer rectifier of voltage for the supply of the gondola

amplifier. The neon tube L16 lights up, and the step-by-step finder

SHI4 in the gondola amplifier operates. Capacitance C7 prevents the

falling of high voltage on the cathode of tube L3 (output stage of the

gondola amplifier). Uith the release of button K3, tube L13 goes out,

removing the shunting effect of the step-by-step finder on the output

of the gondola amplifier, and the circuit returns the initial position.

The synchronization of the step-by-step finder SHI 4 in the

gondola is controlled in the following way. In position 12 ("Control

SHI") through plate SHI3_ 4 the winding of relay P4 gets energized, and

the signal cable gets connected through contacts KP4 with the special

rectifier (-27v), serving to feed signal bulb L15 , which indicates

synchronization of the step-by-step finder of the gondola amplifier. If,

at this moment, the contacts of the gondola finder SHI 4 are also in

position 12, the, supply circuit of bulb L1 5 (through contacts Kp3, Kp4

and conformably connected to voltage -27v diodes D1 , D2 ) will be locked.

The supply of the next change-over positive pulse (+240v) with the chang-

ing of the circuit to the next operating position will not cause its
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shunting due to the opposing connection of diodes D1 and D2 . The

remaining plates SHI4_ 1 - SHI4_3 of the step-by-step finder SHI4 are

used for switching over the corresponding input circuits of the gondola

system, etc.

However, the circuits of remote control, constructed on

step-by-step finders, contacts of which were used directly for the

transmission of minor signals, were found to be unreliable and required

careful maintenance (regular washing by alcohol, insulation against

dust, etc.). Therefore, preference should be given to circuits, in

which for this purpose, small-scale and reliable relays are applied, while

the finders themselves serve as controlling elements.
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Chapt. XI - COPE'NSATION OF THE PRIMARY FIELD SIGNAL IN THE METHOD

OF INDUCTION

1. Methods of signal compensation.

Effectiveness and practical value of any version of the aerial

induction method depends entirely on the high protection of its apparatus

from various noises, including those caused by the primary field itself,

which may be perceived by the receiving portion of the apparatus equally

with the useable signal from the secondary field. Ihen the primary field

induces time-continuous interference, it is comparatively easy to compensate

this interference, for example, by electrical methods. But if due to a

slight unavoidable variation in the reciprocal position of the secure and

the field detector caused by disruption during the flight of the geometry

of the system, the time interference varies at random (even if only in

intensity), it is practically impossible to eliminate it, since it is of

the same frequency as the Vaeable signal. Therefore, the variable signal of

the primary field, perceived by the field detector, is an undesirable

background, on which the useable signal is easily lost, specially its

comparatively negligible variations, connected with conductivity variation

of various layers of the earth crust. Hence a confident measuring of the

anomaluus signal in the aerial induction method is only possible with

efficient suppression of the direct signal, induced in the primary field

detector.

Suppression of the primary field signal in the aerial induction

method could be achieved in at least four ways.

The first way consists in slacking the bond between the source and

the field detector by removing the latter from the aircraft and letting

it approach the ground. This is done by placing the field detector in 
the

outboard gondola. This way has some positive sides. For instance, with

increasing spread (distance between the source and the field detector) there
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is some increase in the sensitivity of the induction method to anomalous

objects, since in this case there is a higher ratio of the secondary field

density to the primary and the signal to the noise ratio improves (whether

the nose is external, vibrational, from electric equipment of the aircraft,

etc.).
h

It is well know that with the increasing altitude of flightLdensity

of the secondary field reduce in the proportion of h . However, with the

spread of about 100 m and over and the approximation of the field source

to ground density, the reduction of the secondary field at the point of

the field detector will be approximately determined by relation 
h4, 5- 5

which is an appreciable gain in the level increase of the secondary field

kidO , But even in these conditions, the primary signal invariably remains

considerably higher than the secondary. This way of suppressing the

primary signal has the following negative sides: reduction in the method's

sensitivity with increasing altitude of flight, and to supplement the

loss of sensitivity requires raising the power of the primary field source

(to increase the torque of the oscillating frame); the piloting conditions

become more difficult; variations of the selected geometry of the system

of source field detector, due to random shifting of the outboard gondola

(its bumping) with sufficiently long and soft suspension, are more likely.

Bumping of the gondola frequently results in the appearance of quite

considerable methodical interference.

Thus, increased distance between the source and the receiver of the

field and the flight of the aircraft at a minimum altitude is incompatible.

The possibility of reducing the effect of the primary signal on the

measuring results by this way is limited on account of the required safety

of piloting. Therefore, there is usually some compromise.
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The second way envisages placing of the field detector at those

points in the zones of the space surrounding the field source, at which

the primary signal is either a zero (in particular, one of the primary

field components is equal to zero), or is generally insignificant, and its

unavoidable variations with the disruption of the geometry of the system are

negligible.

The third way assumes the application of electric compensation, i.e.,

decrement in the measuring apparatus of the intensity of the direct (primary

or resultant) signal received by the field detector due to subtraction from

it, by special circuit, of auxiliary (coherent) compensating voltage with a

certain amplitude and initial phase.

The fourth way is implemented by the use, for instance, of the rotating

magnetic field and the placing of field detectors in those zones where the

primary field has circular polarization. Signals, excited in receivers by the

corresponding components of the primary field, are transformed into electric

circuits in such a way that, in the absence of a disturbing object, the

modulus difference of transformed signals and the phase shift between them are

maintained equal to zero.

The first two ways for the suppression of the primary signal, based on a

selection of the position and orientation of the field receiver in relation

to the source, determine the so called geometric compensation.

The third way, i.e., electric compensation, has its own varieties,

distinguished both by the choice of the initial phase of the compensating

voltage and by the nature of the fixing modulus of this voltage during

compensation and its behavior in the process of changing. The source of the

compensating voltage could be directly the master oscillator or the ohmic

resistance, connected into the circuit of the oscillating frame, as well as

additional receiver (one or several) of the primary field, excited by the
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main or the auxiliary source, etc.

The fourth way for suppressing the primary field signal is a combination,

as in this case there are elements both of the geometrical compensation

(selection of location zone by the field receiver), and of electric compensation

(the signals excited by the primary field and transformed in electric 
circuits

are 50 subtraced one from the other that their difference is zero).

A practical example of applying purely the geometrical 
compensation are

the systems, combined and rigidly fixed together by frames (Fig. 169)(63, 117).

These systems are used in the units of the induction method.

N N

Fig. 169.

Fig. 169-a shows the diagram of an arrangement in which the oscillating

frame 1 is placed in a horizontal plane and the two vertical receiving frames

(coils) 2, connected in series, are placed on both sides of the oscillating

frame and are oriented in such a way that the direct signal at their outputs

is equal to zero.

In the horizontal receiving frame 2 is set in the centre of a circular

oscillating frame 1 (Fig. 169,-b), then, as follows from the analysis data of

the primary field, there is no horizontal component of the field 
in the centre

of this frame. Therefore, in the horizontally oriented field receiver 
the

direct signal is practically non-existent.

In the first case, even with very rigid geometry of the system, it is

possible to achieve suppression of the primary signal not over 10 -104 
times.

But in the second case, since a point field receiver can not be made, the

signal of the primary field is also present; it is caused by the vertical
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component of this field, which corresponds in intensity to the residual

signal in practical suppression of the primary signal by 10 -104 times.

Fig. 170

Description of other methods for eliminating the effect of the

primary field on the receiver by geometrical compensation is given in

the work (157). The obvious sign of excluding the primary field 0 may be

the parity to zero of flux F through the field receiver:

= Su (Ho dS) = O, (XI.1)
S0os OF

where S- the active area of the field receiver.

Fig. 170-a shows the oscillating and receiving frames, made in the

form of a circular loop of radius a. In this case, the planes of both the frames

are perpendicular, their centres combined and parity (XI.1) is automatically

effected, as the integrand is equal to zero. If the shape and area of the

oscillating and receiving frames are similar, the maximum size of the

setting will be 2a.

Let us take two more methods for excluding the effect of the primary

field, based on the fact that the magnetic field of the loop inside and outside of

it is in opposite direction (Fig. 170, b and c). The receiving frame could be

so placed that one of its portions would be above the inner and the other above

the outer sides of the oscillating frame (Fig. 170, b). In this case the

condition should be met.

= /u sl(H ol, dS,) + /% S (Ho,d = , (I.2)
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where Hol and Ho2 - the primary field inside and outside of the oscillating

frame respectively; S1 and S2 - the part of the receiving frame area, located

respectively above the inside and outer side. of the oscillating frame;

S1 + S2 = S - the area of the receiving frame.

With similar dimensions of the oscillating and receiving frames of round

shape, condition (XI.2), as shown by theoretic calculations, will be met, when

the receiving frame intersects lorizontal frame at a distance r = 0.48a from

the centre (see Fig. 170, b). Therefore, the maximum size of the setup is

approximately 3.5a, i.e., considerably greater than in the first case.

When the receiving frame is made in the shape of a flat ring (see

Fig. 170, c), the size of the setup with equal areas of both the frames will

be 2.6a. This system is less sensitive to reciprocal transpositions. The

double compensation method is implemented in accordance with the diagram shown

in Fig. 170, d).

In the apparatus of the aerial induction method, the application is of

multiturn oscillating and receiving frames. Therefore, practical implementation

of a high-degree compensation of the primary signal by the above means with

high response of the apparatus is hardly possible (even with their very rigid

fixing). It may be assumed that, in this case, additional electric compensation

would be required in measuring the portion of the apparatus with a high

stability of parameters both of the source and the field receiver, and of the

electric compensation circuit itself. In practical work, the application is

mainly of the combined compensation, i.e. combination of geometrical and

electrical.

2. Main data of electric compensation.

Analysis of the main versions of the aerial induction method has shown
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that, in some of them, the field receivers, due to specially selected

geometry of the system, do not receive the primary field signal, i.e.,

there is purely geometrical compensation (e.g., the version with combined

oscillating and receiving frames). In other versions due to the specific

structure of the primary field and certain geometry of the system the signals

of the primary field, received by the field detectors, are automatically

subtracted in the receiving system, as a result of which in the non-presence

of the secondary field the measuring system reacts only to external and internal

interferences, unconnected with the primary field. Hence, the geometric and

electric compensations here are implemented simultaneously (e.g. both versions

of VMP). In other versions (helicopter, when the source and receiver of the

field are on one vertical line, "Canadian", plane version with outboard

gondola at e=65 , etc.), the signal of the primary field, perceived by the

receiving frame, is an interference and, moreover, quite considerable as

compared to the intensity of the useable signal. To increase the susceptibility

of the method, it would be necessary, besides geometrical compensation, i.e.,

spreading and corresponding orientation of the frames, to implement additional

electric compensation of the primary field signal, so that the useable signal

would be higher than that of the primary field or at least would be absolutely

distinct in the background of the latter.

The quantitative measure of compensation will take its depth n,

determinable from formula

n = 1- u k . 100, %, (xI3)

Uc

where Uc - the composite value of the normal field resultant signal (taking

into account the effect of uniform ground surface with finite conductivity);

Uk - the composite intensity of the compensation voltage.k



- 473 -

The lower is the residual voltage (Uc- Uk), the greeter will be the

degree of compensation n, i.e. the more this voltage approaches the actual

intensity of the sought-for anomalous signal. With the residual voltage close

to zero, the anomalous effect is shown in its entirety. However, the main

difficulty in implementing a sufficiently high degree of electric compensation

is the random variations of geometry in the system source-field receiver,

which may considerably increase th3 error in measuring.

In view of the special importance of this question for estimating the

efficiency of the apparatus in aerial electric prospecting, the main methods

for electric compensation of the primary field signal, their potentialities

and recommendations for the selection of measurable parameters are given ahead.

The methods of electric compensation and the systems applied are analysed on

the basis of the induction method with one place and spread out oscillating

and receiving frames. However, in certain conditions the analysis data may be

applied to some other vcrsions of the induction method.

The signal, induced in the receiving frame and which we shall denote as

Up, generally represents the vector sum of the primary field signal (the so

called direct signal ) U1  and of the secondary field U2, determined by eddy

aU u'

Fig. 171

currents in conducting bodies of upper layers of the earth crust (Fig. 171).
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Fig. 172.

Ue know that for the apparatus of the induction method with spread-out

oscillating and receiving frames U12 j 1 and the phase angle P of

signal U2 in relation to signal U may vary the nature of the conducting

body (parameter pa2 (98) ) in a very wide range- from units to some tens of

degrees. With high conductivity of the anomalous body, with predominance of

the active component, this angle is negligible, but with comparatively high

resistance and composite structure of this body, when the predominant is the

reactive component, angleP., f
2

If the measurements are conducted without electric compensation, then

with variation of the secondary field signal from U2 to U2 increment of the

resulting signal U = U' - U in the measuring unit is several percent of

the virtual value of the total signal, and the increment of the phase angles

L\ L =(%--OL-units of degrees. Therefore, in this case, in the background

of considerable interferences of various origins it is practically impossible

to measure these increments.

In AERI-2, VMP and other apparatuses of the aerial induction method, there

is a possibility of recording the virtual value (modulus) of the resultant

field signal U and of the phase angle trpof this signal vs.., a certain voltage,

taken as comparative U as well as of quadrature components U , U , which

are the projections of the resultant signal vector in the direction of vector

U in perpendicular direction respectively (Fig. 172).
Comp
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The active component of the useable signal U2a is the projection of

the useable signal U2 onto the vector direction of compartive voltage Uond

coinciding with the vector direction of current Ii. The reactive component

U2p is the projection of the useable signal U2 onto the 
direction

perpendicular to the vector of current I, . However, as can be seen from

Fig. 172, the active component U of the resultant signal is quite different

from the active component U2a of the useable signal; therefore, it.would be

inexpedient to measure it without the preliminary electric compensation of

the primary field signal.

Electric compensation in the ideal case, i.e., in the absence of

different voltage caused by the primary signal, makes it possible to measure

the voltage amplitude of the secondary field signal U2 and its phase angle CD vs.

current in the oscillating frame Ii or the comparative voltage p coinciding

with this current in the phase. In this case, there is a full possibility of

measuring both the components (U2a and U2p) of the useable signal. Obviously,

the compensating signal should coherent with the current frequency in the

oscillating frame.

In the build-up of the apparatus it makes no difference as to which of the

parameters, characterizing the useable signal, will be measured-the amplitude and

phase or its active (reactive) component. However, to reduce the error, caused

by the random variation of the initial geometry of the system and resulting in

disrupting compensation of the direct signal, the selection of measurable

parameter is not so indifferent. As we will see further on, the phase ratio

between the compensation of measurable and comparative signals depends on the

mode of compensation and the selection of the measurable quantity. 0 n the

mode of compensation, also depends the error in the measuring of parameters with

variation in the geometry of the system.
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Depending on the structure of the system of electric compensation,

the number of field receivers and the circuit of connections and the

interaction of the measurable and compensating signals in these systems,

the mode of electric compensation may be divided into two groups: the

simple and composite.

The distinctive feature of the simple means of electric compensation is

the presence of only one field receiver and, therefore, of one receivable

signal. The block diagrams of compensation here are simple and there is no

considerable transformation of the measurable or compensating signal in them.

There are two versions of these methods of compensation and two diagrams for

their practical implementation (20). For systems of the first version, the

initial phase of the compensating voltage, combining with the initial phase of

the direct signal, remains invariable during the measurements; for bystems of

the second version, the compensating voltage always coincides in the phase with

the resultant signal. On the basis of the first and second systems, it is

possible to build a third, which makes it possible to measure the components

approximately, without applying the phase-sensible voltmeters.

The problem of the composite methods of compensation is to assure measuring

with the acceptable error of one or several parameters, characterising the

useable signal, with admissible variations of the geometry of the system. The

composite methods of compensation are invariably connected with certain

transformation of the signal, and the output voltage of the compensation circuit

is determined by the'interaction of measurable and compensating voltages.

Generally, the output voltage of the compensating circuit may noticeably differ

in the amplitude and the phase from the interacting voltages, but it reflects,

more or less, the variation nature of the secondary signal. For relative

measurements, which are coducted in the aerial induction method, this

circumstance has no substantial significance. However, when necessary, knowing
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parameters of the compensating circuit, it is possible to obtain by

the date of calculations the characterising signal of the secondary

field.

Several modifications of systems for the composite methods of electric

compensation for the apparatus of the induction method with spread out source

and receiver of the field have been devised and patented in the USA (18).

These systems are meant mainly for reducing the magnitude of methodical

interference and the error in measurements, determined by it, with some

variations in distance between the source and receiver of the field or with

minor angular transpositions of the field receiver vs. the source. The

systems are based on the use of additional receivers and, sometimes, also

of auxiliary field source.

FhI AlI Ukr. SSR developed four systems of the composite methods of

electric compensation, fundamentally different from those developed in the

USA: total compensation system of resultant field signal, system with

auxiliary receiver of horizontal component of the field, and two versions

of systems with the use of automatic gain control (AGC).

3. System with invariable initial phase of the compensating voltage,
matched with initial phase of the primary signal.

The block diagram, assuring the indicated compensation, is shown in

Fig. 173. The resultant field signal U' (in flight at operating speed and
po

comparatively high altitude), induced in the receiving frame 1, tuned in

resonance, after amplification by the gondola amplifier 2, arrives in the

Fig. 173.

" 3 4 5

Fig. 173.
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form of voltage U1 = Upc=k U* (where k- the transformation factor of

the preamplifier) at one of the inputs of the subtraction system 5. Fed

to the second input of this system is the compensating signal U , obtained

by the conversion of signal U' in the phase-inverter 3, where this signal

is matched in the phase with comparative signal U , and in attenuator 4,

by means of which the desired modulus ratio of signals UK and U1 = Up,

i.e., the depth of compensation, is set.

The selective measuring amplifier 6, the phasemeter 7 and the phase-

detecting voltmeter 8 make it possible to measure at the output of the

subtraction system modulus U. of residual voltage U. , phase shiftqvs.

comparative signal U 'p, and also the active (cosine) or reactive (sine)

components of signal U . The phase of comparative voltage could be

previously matched with the current phase in oscillating frame II (in

absolute measurements) or with the phase of resulting signal Up , which

during flight at high altitude corresponds to the phase of the primary

field signal (in relative measurements, which are the most usual).

The relationship between quantities Up, U1, U2 and UK in this system

of compensation is shown by the vector diagram, plotted for the case of

incomplete compensation (Fig. 174, a), when jUK K fUl, and the voltage

U coincides in the phase with U1 . In the case of total compensation, when

UK = Ul, all quantities, measurable by instruments, determine directly the

useable signal U2. The less is the depth of the compensation, the more will

be the difference between the reading of instruments and the actual parameter

values of the useable signal. The exception is only the reactive component

U V, which with any depth of the compensation remains equal to the reactive

component U2 P of the useful signal.

\21
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Fig. 174

Increasing depth of electric compensation provides a more accurate

reproduction of the useful signal and measurement of its parameters. However,

in the actual conditions of geophysical survey some changes are evident in

the disposition of the receiving element in relation to the oscillating frame

due to the disruption of the initial geometry of the system (for example,

bumping of the gondola). If polarization of the primary field is non-linear,

which is caused by the effect of currents, induced in the metal body of the

aircraft, the primary signal changes not only in intensityA U1 , but also in

the phase ( *). Some variation of this signal in relation to comparative

voltage (Fig. 174 b) with invariable useful signal U2 results in the

appearance of the residual signal U' different in intensity and the phase from
A

signal U .

Thus, it may be assumed that the variation of the primary signal U1 to

a certain extent of A U1 , in this case, is approximate to the appearance of

the additional secondary signal of the same intensity, and the measuring

portion of the apparatus will be measuring the new signal U' = 0 +AUl

In this case, the active Uxand the reactive Ugp components of the residual

*Hence under the signal of resulting field Up will be assumed signal, input

directly into subtraction system from the side of field receiver, i.e. signal
at the output of preamplifier.
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signal may considerably differ from the preceding values of components

C and U = U . Only in the case of the linearly polarized primary
Xo xf 2P
field, when this signal varies only in the modulus retaining its phase as

invariable (Fig.174-c), its increment AU1 does not .ffect the reactive

component magnitude of the residual signal ( U - U2  ).

In view of the fact that the secondary signal is approximately in

quadrature with the primary signal, comparatively insignificant increment

of the primary signal without change in its phase will have a negligible

effect on the results of measuring UX .

If it is assumed that there is a possibility of achieving total

compensation, then, as can be seen from the vector diagram in Fig.175-a,

even in the case of the linearly polarized primary field with negligible

variation of the geometry of the system, instead of the secondary field

signal U2 and its phase angle q)2 in relation to comparative voltage, the

measuring apparatus will be recording the modulus of a new vector, equal

to the vector sum of signals U2 +AU 1 - Ux and phase angle% (Y = Q)

between the new vector and the comparative voltage U . In this case,

the reactive component U2 remains invariable, the active U2 = U

varies substantially.

Therefore, with linear polarization of the primary field and possib)

minor disruption of the geometry of the system it would be expedient to

measure the reactive component with total (ideal) compensation, as well aE

with partial compensation of the primary signal. Appearance of the

reactive component will indicate the presence of an anoa-alous object in

the flight expedient to measure the active component of the resultant

or the secondary field signal.
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Fig. 175

It is known that on frequencies in the order of hundreds of cps the

reactive component of the secondary field is not high for large and highly-

conductive ore deposits. Therefore, it should be measured by apparatus of

high precision. In these cases, it is expedient to decide whether it would

be more gainful and convenient to measure the active component, which is

comparatively high, but shaded by considerable methodical interferences, or

to measure by means of high-precision measuring instruments the reactive

component of insignificant intensity practically unaffected by methodical

interferences.

However, in practice it is impossible to achieve total compensation of

the direct signal due to unavoidable variation of the geometry of the system

i.e., variability of U1 and instability of the compensating voltage UK .

Hence there will always remain residual voltage AU at the output of the

subtraction system.

Depending on the ratio of signals U1 = Up and Uduring compensation and

on the setting of the phase angle -between the compensating UK and measurable

voltage (assuming that U and U are combined in the phase) the phase angleK O~emp
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of the residual voltage bU may vary arbitrarily from O to 3600(Fig. 176).

This introduces an additional error in the measuring of the useful signal

with high degree of compensation; the appearance of arbitrarily oriented

vector bv~i changes the reactive component also. Nevertheless, if

quantitative comparison of the error, caused by the imperfect compensation

system and the error from disruption of the geometry of the system, is made,

it will be found that the first is negligible and for some versions of the

induction method, specially for those with the outboard gondola, it may be

discarded..

Indeed,,there is no difficulty in carrying out compensation with the

U -UK
K = * (XI.4)

subtraction factor equal to 10-3(117), which corresponds to the extent of

99.Po" compensation. However, calculations show that in the AERI-2 apparatus

the minimum methodical error from disruption of the geometry of the system

I+ 0

within the variation range of anglerrorupto 1 and in the measuring of

vertitativel component is several eer cents.vertical component is several per cents,
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Thus, it is possible to assert that a high degree of compensation

can be taken as ideal with negligible variation of the geometry of the

system in the apparatus of aerial induction method, when the receiving

frame is rigidly fixed on one mobile object at a comparatively long

distance from the oscillating frame. For other versions of the induction

method, it is necessary to depend on partial compensation only.

4. System with a follow-up phase.

In the system with a follow-up phase, the amplitude of the

compensating volta'e is determined by the set degree of compensation and,

during the measurements, remains invariable; the phase of the comparative

signal continuously combines with the phase of the resultant field signal

Up. The given compensation is explained by the vector diagram in

Fig. 177, which takes into account variation in the phase and the amplitude

of the resultant signal Up, which assumes various values (UI and U). The

block diagram of the compensator, implementing the said compensation, is

shown in Fig. 178.

Received by the field detector 1 the signal of the opernting frequency,

after an appropriate amplification in the (gondola) preamplifier 2 in the

form of voltage Up is delivered at the compensation block 7, where at the

input a of the compensator's subtracting system it is fed directly, and at

the input b through the amplification circuit with automatic control of the

constant output level, consisting of the amplifier-limiter 3, the phase-

invertor 4, the phase corrector 5 and the attenuator 6.

The received signal is preamplified in the amplifier-limiter by

about a factor of 10, and then limited from the top and bottom to a level

exceeding not more than one and a half or two times the level of the

signal at the input of the amplifier-limiter, and is maintained constant
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with the vgriation of the input signal within 1:20. The phase-inverter and

the phase corrector provide the exact setting for the phase-shift of the

compensating signal in relation to the measurable, fed to inputaof the

subtracting circuit. The attenuator presets the amplitude required to obtain

the preset degree of compensation of the compensating voltage,

The differential voltage between the sinusoidal voltage of the input a

and the first harmonic of rectangular voltage of the operating frequency of

input b of the subtracting circuit is fed to the measuring amplifier, which

carries out selective amplification only of the operating frequency signal,

and suppresses all the side-band frequencies of the rectangular signal

spectrum.

R

up

0

Fig. 177

The relation between quantities Up, Ul, U2 and U. for this method of

compensation is shown by the vector diagram in Fig. 179, Fig. 179-a and

179-c show the relationship of measured parameters with the variation of the

primary field signal U1 only in its own magnitude, i.e., in the case of the

primary field's linear polcrization and some changes in the geometry of the

system. Fig. 179-b shows the same relations in the case of non-linear

polarization, when due to change in the geometry of the system there is
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variation of the amplitude and the phase of the primary field. In

accordance with Fig. 179, in this method of compensation, even with

its total degree, not one of the quantities measurable by the instruments

, U,, U p,~ P,), corresponds exactly to the parameters of the useable

signal. Only with low angle Lp= Tx and total compensation IU .I U U 2o .

Therefore, the given system of compensation may assure the required

accuracy of measuring some of the parameters of useful signal only with low

phase shifts between the primary and the resultant signals. Since it may be

assumed that the secondary signal is approximately in quadrature with the

primary, with total compensation the increment of the primary signal without

changing its phase will be reproduced in its entirety by variation of (U),

without however affecting the magnitude of the secondary signal reactive

component (U2p= U2p). Therewith, the measurable values 1pand Up change very

little, i.e., it may be assumed that U p . In view of the shortcomings

pointed out the system of compensation with a follow-up phase has not found

application.

Mefbi 4a eyto' Figure 178'B0RbmMe

i, blMepmen - , Phase-sensitive
-- lYCpumeb 3 'Y voltmeter;

b.i Measurement amplifier;c c,,. Phase meter;
a30OMemp d, Compensator.

I - -4)
Fig. 178
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a . .

,

U2  I U2

a .6

Fig. 179

5. System for the approximate measuring of components without the
application of phase-sensing voltmeter (FRY).

The analysis of two main simple methods of compensation has shown that

the first of these assures a more precise reproduction of the useful signal,

while the second may provide the required accuracy in measuring increment

AU2a only with insignificant phase shift between the primary and

the resultant signals. In these methods of compensation, phase-sensing voltmeters

should be applied for measuring the active and reactive components.

By combining the first and second methods, it is possible to measure

approximately the active and reactive components of the secondary signal

without the application of phase-sensing systems. For this, at the input a of

the subtracting circuit (see Fig. 178) instead of UP, it is sufficient to feed

U = U1 provided angleeppis so low that sinPpsD Cp.In this case, the

compensation voltage is taken off from a separate source of the compensating

signal according to the diagram shown in Fig. 173.

Thus, in the given method of compensation the intensity of the

compensating voltage in the initial position is set equal to the intensity of

the primary field signal and hence maintained invariable, i.e., U = U1 const,
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and the phase of comparative voltage is combined with the phase of the

primary field signal. With the appearance of useful signal U2, the intensity

of the resultant signal will remain invariable (due to automatic level

control circuit of this signal), but the phase shift between signals

Up

; P

Puc. 180.

Fig. 180.

U. and U' (U' = const) will change. As a result, the measuring

instruments will be recording the modulus of decompensation signal U'

and phase shift between the indicated signals (Fig. 180). The modulus

of decompensation voltage U' at the output of the subtracting circuit

or its reactive component will be approximately equal to the reactive

component U2 P of the useful signal. The difference between the voltage

of the resultant field signal U at the input of the automatic level

control circuit of compensating signal U and voltage U' at input b of

We subtraction circuit (see Fig. 178) determines (with stable geometry

of the system) the approximate magnitude of active component U" ~, U2 ^

of the useful signal ith this method of compensation the variation of

the geometry of the system also affects very little the variation of the

reactive component.
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6. Block diagram of the apparatus for simple electric compensation.

A simplified block diagram of the apparatus for aerial electric

prospecting by the induction method, which permits implementing all the

three methods of electric compensation, is shown in Fig. 181. Here 1-7

are the nodes (see Fig. 178); 8- the smooth phase-inverter (from 0 to

3600); 9- the attenuator of the compensating signal; 10- the phase

corrector of the comparative signal; 11- the fixed phase-inverter at

180.

In position 2 for the switch P2 and position 1 for switch P3

implementation is of the first method of electric compensation; in positions

1 for P2 and 2 for P - of the second method and in positions 2 for P2 and

P3 of the third method.

In the third method of compensation, the given system measures only

the reactive component. For measuring the active component, it is necessary

to lead in a second subtracting circuit, connected with points 1 of the

switch P2 and 2 of switch P3 and of the additional selective amplifier.

In this case, there will be simultaneous measuring and recording of the

active and reactive components without the application of phase-sensing

voltmeters.

In the first and third methods of compensation, the source of the

tornpensLting voltage could be the master oscillator or voltage drop on the

active resistance r, connected at the output of the power emplifier in

series with the oscillating frame (GR). The commutction is performed by

switch P 1 The same voltage is the comparative one for phase-sensing units

of the measuring apparatus.

Take off of compensation voltage U and comparative voltage U from

resistancer eliminates decompensation with the variation of the current
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phase in the oscillating frame due to change in its parameters or the

parameters of the power amplifier. However, this take-off is practically

inconvenient due to the necessity of preamplification and additional

filtering of voltage, taken off resistance r. The elements, in which all

the above is implemented, could themselves cause additional phase shifts;

therefore, in practice it would be more convenient to use, as the source of

U and U(, the master oscillator directly. It would also be more expedient

from another point of view. In real conditions of geophysical survey with

the presence of conductive detritus rubbish, introducing some initial

uncertainty in the phase measuring results, the correct method for measuring

the components will be relative measuring (117). In this case, there is no

need to combine the phase of the comparative signal with the current phase

in the oscilating frame; but having comeout to the initial altitude and

compensated signal of the resultant.field, generated by the source of the

primary field and the layer of conductive detrital rubbish there is need

to combine the phase of the comparative signal with the phase of the compen-

sating voltage. During the flight above the profile new values of parameters

in relation to the adopted start will be recorded.

,fa

on H@Key to Figure 181j

0a3o'gac'mou- a,. PhaseFEi mp I'meter; I
b, Phase.
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--------------- c, Selective
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It should be mentioned that in the measuring apparatus itself there

could be different phase shifts for the applied operating frequencies. If

in measuring the phase and the components the phase is not corrected previously

at each operc.ting frequency, there may be a considerable additional error.

Preliminary correction of phase shifts in the measuring channel on operating

frequency may be carried out by means of the phase corrector 10 and switch

P1 in position 3, switches P2 and P3 in position 1 (see Fig. 181). The phase

of one of the signals automatically turns by means of the phase-inverter 11

at 1800 and the subtracting circuit of signal Up converts into summating. This

correction permits exclusion of the phase error of relative measurements,

possible with the transition from one operating frequency to another, provided

the preamplifier and wire-cable do not cause an appreciable phase shift throughout

the whole spectrum of operating frequencies, i.e., they are aperiodic elements

of the receiving-measuring system.

7. Compens.tion systems in AEIIS and ARI-2 apparatus.

The compensating systems in AERMIS and AERI-2 appratus differ considerably

in the method of electric compensation, parameters and diagrams.

ANRIS apparatus. In this apparatus the electric compensation is carried out

only by the simple method, with the application of the system in which the

initial phase of the compensating voltage, matching the initial phase of the

primary signal, remains invariable during the measuring. Since protection against

interference of the receiving channel here is not very high, the interference

pulses in the compensator are suppressed by the special system of limiting

interference pulses (see para 11, chapt. XIII).

Fig. 182 shows the line diagram of the compensator in the ARIS apparatus.

The received signal is delivered through the contact 5 of plug socket

SHR-70 to the separating cathode repeater L1 2, protecting the channels of the
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measuring group from possible reciprocal parasitic coupling. Voltage

from its output, commutated by tumbler Bkl, may be fed to the input of

the subtracting circuit Lll directly or through the limiter of interference

pulses (OIP).

The compensating voltage through the contact 5 of the plug socket

SHR-71 and the cathode repeater L1 arrives at the potentiometric phase-

inverter (see para 9, chapt. X), providing for phase adjustment of the

compensating voltage by jumps over 900 from O to 3600, smoothly within one

quadrant (by potentiometer R45, connected with the arm of bridge, made up of

resistances R42- R45) and very smoothly within a few degrees (by potentiometer

R46 of the same arm). The adjustment of the phase by jump is carried out by

switch P3, which commutates voltages, taken off the anodes and cathodes of

tube L2.

The amplitude of the compensating voltage is controlled by ohmic

devisor R20- R39 , connected through the cathode repeater L3 subsequently

to the phase-inverter, with division in steps of 10 db. Smooth adjustment

is implemented by potentiometer R40, and very smooth - by potentiometer

R41: Hence the compensation voltage arrives at the second input of the

subtracting circuit.

From the output of the subtracting circuit, the residual voltage is

fed through the matching cathode repeater L10 and the contact 1 of the plug

socket SHR-71 to the parameter meters of the decompensation signal. The

adjustable resistance R117 in repeater cathode, required with the replacement

of bulbs, serves to rectify the transmission factors of the compensators in

channels I and II. 1laced in the same block is the second phase-inverter

(L14 , L15 , L16), with a system similar to that described, cut in to the

comparative signal circuit and meant for the compensation of phase shifts in

the measuring track of the given channel. Switch P5 in the voltage circuit
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of the main phase permits commutating the measuring channels into

divided (according to frequencies) operation and operation parallel on

one frequency. The filament voltage of the tube in the subtracting stage

is stabilized by barretter L1 3 .

The compensator was investigated in the laboratory and in flying

conditions. In laboratory conditions, the investigations were of the

quality of work and parameters of the limiter of interference pulses

(its main elements - the input divider, the amplifier-limiter, the

differentiating and integrating chains, etc.), the phase-inverter and the

attenuator in the compensating signal circuit. The extent and stability of

compensation were also determined under the effect of external noise.

Investigations of the limiter of interference pulses have established

that with pulse frequency investigations similar to the frequency of the

working signal, specially with coincidence of these frequencies, the

operation stability of the node was disrupted, which indicated normal

activity of the limiter of interference pulse. In these conditions, the

latter does not affect the spectral components of interferences, frequencies

of which are similar to operating frequency.

It should be kept in view that compensation does not require very high

precision of the phase-inverter's graduation, as the phase-inverter is used,

not for measuring but for turning the compensating voltage, phase the exact

value of which is not required. The main problem in the investigations of

this unit was checking the stability of the phase-inverter's operation and

determination of the minimum phase shift, which could be set for the

compensating signal by smooth phase adjustment. The investigation has shown
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that the minimum adjustable angle is 0.3-0.50 and the operation stability

of the phase-inverter is quite satisfactory. The graduation of the

divider in the compensating signal circuit was also implemented approximately..

However, in this case, the possibility of providing even variation of the

signal to a few microvolts, at any level within the preset range of

compensation voltage adjustment was confirmed. Compensation had to provide

for the subtraction factor of 10
- .

During the flight in optimum conditions of survey (speed, elevation,

weather) the primary signal was compensated upto different levels.

At each level the recording was made of instrument-reading during calm

horizontal flight. Investigations have shown that the compensation is

sufficiently stable if the minimum differential voltage exceeds the noise

level not less than three-four times having on an average 50 mv.

To control the operation stability of the apparatus and to select the

measuring technique all recordings were made twice. Fig. 183 shows an example

of recording along profile No. 1 in the area of 'aidan-Vill st. on frequency

488 cps with compensation. The mean arithmetic divergence between the primary

and secondary readings of the vertical component were for the modulus - 4.6%,

for the reactive component - ± 2%.

Higher divergence in second reading of the modulus, as compared to the

reactive component, is explained by greater sensitivity of this parameter to

changes in reciprocal orientation of the oscillatin, and receiving frames.

AERI-2 apparatus. This apparatus permits carrying out simple methods

of electric compensation according to the system used in PARIS station and

by a system in which the compensating voltage invariably coincided in phase

with the resultant field signal. In AERI-2 apparatus sufficiently high

preliminary selectivity has been achieved, due to which there was no need

to use the limiter -of interference pulse and it has been excluded from the
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compensator. There arc some differences also in the subracting circuits.

The diagram of the compensator is shown in Fig. 184. The measured

signal through the contact 1 of plug socket SHR3(4)-14 is fed initially

into the input divider 10:1 (switch P4 and resistances R1 and R2)for

attenuating major signals, and hence to the selective amplifier of the

compensator (L6, L7 ) with double symmetrical T-shaped RC-bridge, connected

into reverse feedback circuit of tube L7 . The elements of bridge for its

tuning to the required operating frequency get connected by means of relay

P6P10. The equivalent Q-factor of selective amplifier Q 5.

Increased selectivity of the amplifier with remote detuning (for instance,

on frequency of the adjacent channel) is obtained in the following way.

Voltage from the anode load R70 of the tube L6a through resistance R73 is

delivered to potentiometer R7 4, which is connected with the anode of tube

L 7 . Due to the fact that voltages of the received signal on the anodes of

tubes L6 end L7 are in phase opposition, it is possible to select on

potentiometer R74 a point at which the resultant voltage is zero. Since, on

the operating frequency, the intensity of the signal on the anode of tube

L6 a(i.e. on resistance R 74) due to amplifying properties of the stage is

considerably higher than the intensity of the signal arriving from the anode

of tube L6a to potentiometer R7 4 , the effect of the latter on the former may

be ignored. Therefore, on the cursor of the potentiometer, the voltage of the

operating frequency signal is practically equal to the voltage, amplified

by the selective amplifier of the compensator. Signals of other frequencies

(noise signals) are not amplified by the amplifier and their amplitudes are

approximately equal. Moreover, these signals are in phase opposition,

therefore, they are reciprocally subtracted. Thus the resultant voltage from
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the interference signals on the cursor of potentiometer R74 is sufficiently

low.

From cursor of potentiometer R74 the amplified signal of the

operating frequency is transmitted through cathode repeater L6 b to switch

P1e of the input commutator, and hence - to active divider R43 - R45, the

1
ratio of division in which is equal to K , where K - the

K V.S.V.S.
amplification factor of the subtracting circuit. Division of the working

signal is required, so that the transmission factor of the subtracting

stage, through which the measuring amplifier with a certain amplification

factor measures the normal field signal without compensation, and also

the comparative, compensating, etc., would be one. Potentiometer R44 of

the divider makes it possible to correct the division ratio by replacement

of tube L . The required bias intensity of this tube is set by

potentiometer R4 9.

From the anode load R48 of the right half of tube L6 the residual

voltage during compensation or total voltage of the working signal in

auxiliary measurements is fed to the output cathode repeater L4 and hence

through the contact 7 of plug-jack SHR3(4)-13 - to the selective amplifier

of the measuring voltmeter.

The compensating signal from the generating group (contact 5 of

plug-jack SHR3(4)-14) arrives through switch Pl. of the input commutator

to potentiometric phase-inverter L1 , similar to the one in AERIS compensator.

The operating frequencies of the phase-inverter are changed over by relay

Pl - P5. To turn the phase of the compensating signal at 1800, the

application is of phase-inverter, made up on the circuit with separated

load on tube L 2. Switching of the phase is effected by switch Plb of the

input commutator. After this, the compensating signal is fed through the

cathode repeator L2b to the attenuator. Switch P5 carries out rough
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adjustment (by steps of 10db) of the compensating signal, potentiometer

R41-. The compensating signal from the cursor of the potentiometer gets

into the second input of the subtracting circuit.

The described part of the compensator provides compensation by a

circuit in which the initial phase of the compensating signal matches the

initial phase of the primary signal and ramains invariable during the

measurements.

In compensation on a circuit with a follow-up phase, the received

signal after selective amplifier of the compensator arrives through the

contacts of switch P10 (7th position) to the left half of the subtrvcting

circuit tube L3, and through the amplifying circuit with automatic control

of invariable output level, phase-inverter and attenuator to the right

half. In this case the amplifier of the operating frequency signal is the

stage with amplification factor K lO,operating on the left half of tube

L8 '

The automatic adjustment circuit of the invariable output level is a

two-sided limiter, by means of which the working signal is limited at the

top and bottom to a level exceeding not more than twice its level at the

input. The limiter is built on tubes L9 and L10 on a circuit with cathode

coupling providing for symmetric limiting with high input resistance. Tube.

grids of amplifier-limiters with common resistance in the cathode circuit are

energized by direct positive bias voltage from divider R93- R9 6 . The

intensity of the bias on the left half of tube L9 and the right half of tube

L10 is fixed, and on the right half of tube L9 and on the left half of

tube L10 is adjustable (by means of potentiometers R9 2 and R9 7). This

controls the limiting threshold.

From the output of limiter R10 2, the working signal voltage of
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rectangular shape is initially supplied to the cathode repeater L 8 , hence

through switch Pl1 of the input commutator (6th and 7th positions) - phase-

shifter, phase-inverter, switch Plb of the input commutator, cathode

repeater L2 , attenuator of the compensating voltage - to the right half of

the subtracting circuit tube. The phase-shifter and attenuator fix the

initial phase and intensity of the compensating signal for obtaining the

preset degree of compensation, after which any phase variation of the input

signal will automatically change the phase of the compensating signal, which
time

provides for autotracing by phase. At the sameLthe intensity variation of

the measured signal will not affect the intensity of the compensating signal.

Through the cathode repeaters on tube L 5 the measured and compensating

signals are fed into the block of oscillographic control for the visual

observation of compensation. To increase working stability of the compensator,

the anode supply is stabilized and the filament circuits of all the tubes

are energized by direct current.

The following values are measurable by the input commutator:

Switch
position

Residual voltage after compensation by UK voltage 1

UK voltage after the adjustment of its modulus and phase 2

Input signal voltage U. 3

U voltage after adjustment of its modulus and phase 4

Residual voltage after compensation by U voltage 5

U voltage after adjustment of its modulus and phase in circuit

of follow-up phase 6

Residual voltage in circuit with follow-up phase 7

UK voltage incoming from generating system 8

Uj voltage incoming from generating system 9



- 499 -

The investigations in laboratory conditions were of the same common

nodes as found in the componsator AJRIS, as well as the amplifier-limiter

of the compensation circuit with a fellow-up phase and the selective

amplifier of the compensation circuit. The common nodes of the compensating

systems in AEIS and ARI-2 apparatus (phase-shifters, attenuators, etc.)

are practically identical The investigations of the amplifier-limiter have

shown that the minimum level of the signal for its normal work is 30 mv,

(millivolt) which corresponds to the intensity of the signal voltage of

30 microvdt at the input of the gondola amplifier.

Amplitude characteristics of the amplifier-limiter:

U. ,v 8 10 20 30 60 120 240 480 960 2000

U -%930 950 970 980 990 990 995 995 995 960

From the above data it follows that with signal variation at the

input of the amplifier-limiter from 20 mv to 0.9 v its output voltage (the

first harmonic) is maintained constant with accuracy + 2.5%. The useful

signal at the input is practically never below 20 mcv (level below 10-15

mcv corresponds to noise level). The ultimate value of the stable

subtraction factor for the first compensation circuit on alloperating

frequencies in laboratory conditions (with careful shielding of the

compensator elements) was 0.5.10-3; the level of componsator's set noise

did not exceed 10 Mcv when measured by the usual vaeuum-tube voltmeter L'V-9

or MLV-2i and 0.5 mcv - in individual measuring at each operating frequency

by selective measuring amplifier of apparatus.

The linearity of the compensator's output voltege with variation of

the input signal from zero to maximum value (0.8-0.9v) was checked in the

following way. The input signal of certain intensity, e.g. 450 my, was fed

into the compensator, and compensation was effected upto the maximum
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possible degree. Then the input signal was reduced to zero or increased to

the maximum and the output voltage of the compensator measured.

On the grounds of the obtained dLta, a curve was plotted U .= (Ug) at

U = const (Fig. 185), which shows, that at U. = 0 the U = 0 (set noises of

the compensation circuit are not taken into account). With negligible increment

of U., Ue~sharply increases until the amplifier-limiter begins to operate.

Subsequent increment of U causes linear decreasing of U to a zero, which

will take place at the moment U- = UK. If U : UN, U begins increasing

linearly to about 900 mv, but the sign of U .will change as happens with the

phase turn at 1800. At U)> 800-900 my, due to change in the working

conditions of the subtracting stage tube, increments of UJkwill not be linear,

and will be even more defined with higher increment of U., but until the

voltage is 2.5-3 v this deviation is not over 4-5 .

3

\\ 7

2 1

o 200oo 400 U& = 600 800 U4, M6

Fig. 185

Fig. 185 shows the experimental curves for three cases of penetrating

compensation: U = 450 my (point A), U. = 300 my (point A') and U = 600 my

(point A"). It is clear from the figure that curves 1-3 are sufficiently

linear in the working interval of U, and parallel to each other.

The transmission factor of variation of the input divider 10:1 is
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maintained with precision upto + 2o.. Selectivity of the selective preamplifier

has Q-factor in the limits 5-7 (for all operating frequencies), which

attenuates selectivity by not less than 35o with detuning ± 0l of the

operating frquency. The temperature stability of the amplifier was checked in

conditions of positive temperature 20-40 C. In this case, the detuning of

bridges at all frequencies was not higher than 2%o.

In flying conditions the operation of the compensator was checked at

various depths of compensation on the first and second circuits (the flights

were along one and the same area).

8. Total compensation system of the resultant field signal.

This method of compensation assure~invariability of the fixed degree of

compensation and considerable reduction in the measuring error with variation

of the primary field signal due to some irregularity in the reciprocal

position of the source and receiver of the field (85, 96). The compensation

system contains two opposing subtracting circuit with output voltages equal in

amplitude. In one of these circuits, the phase of the output voltage matches

the phase of the resulting field signal.

The block diagram of the compensator is shown in Fig. 186. The signal

of the primary field U1 = U admitted by the receiving frame 1 and amplified

by the gondola pre-amplfier 2, comes in simultaneously into two subtracting

circuits 3 and 4 and to the input of phase shifter 5 of the compensation channel,

which we shall define as the second compensation channel.

The first compensation channel, with subtracting circuit 3, subtracts

from signal Up the compensating signal UKi, which could be voltage U' of the

master oscillator or voltage taken off from resistance, connected in series

into the circuit of the oscillating frame (see Fig. 181). By means of phase-

shifter 7 and )lhsemeter 6, connected to points a and b, matching in the

phase of signal U1 and compensation signal U is obtained. Adjusting thephas1
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amplitude of the compensating voltage Ukl by attenuator 8, we obtain at the

output of subtracting circuit 3 of the first compensating channel the

selected or admissible intensity of decompensation voltage Uxl, which for

the subtracting circuit 14 is the compensation.

Similarly, in the second compensation channel by means of phase-shifter

5 and phase-meter 8 (points a' and b') the required matching in the phase is

obtained of the amplified admitted signal U1 and the compensation signal Uk2 '

the source of which is the amplifier-limiter of the admitted signal. The

amplification and limiting in peak of the measurable signal U1 is implemented

by block 10. The compensation signal, almost rectangular in shape, amplified

and limited by this block on a preset level, is fed to selective stage 11,

as a result of which the first harmonic of compensation signal Uk2 with stable

amplitude is formed at its output. Amplitdde control of this signal is

carried out by atenuator 9.

Connected with the output of compensation circuit 4 is a block

of voltage measuring (selective vacuum-tube voltmeter) 12, indications of

which are in proportion to the virtual value of decompensation voltage

S= - Uk2 at the output of subtracting circuit 4 with the appearance

of the useful signal.

From the outputs of the first (3) and second (4) channels of the

subtraction circuit, the residual voltages Ux1 and Ux2 are fed into subtracting
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circuit 14. Connected with the output of this circuit is block 13

(selective vacuum-tube voltmeter), serving for measuring the voltage, which,

as will be shown, is proportional to this signal amplitude of the secondary

field. The compensation is meant to achieve moduli parity of voltages U and

U*2 which is controlled by the vacuum-tube voltmeter 13 (during the measuring

the attempt is to obtain its zero or minimum reading). The phase of decompensation

voltage U = l- U2 in relation to the compcrative signal phase is

measured by phasemeter 6 at the output of subtraction circuit 14.

14 12 v

PC. 186.

Fig. 186

A vector diagram, explaining the principle of the given method of

compensation with variation of the primary field signal due to disruption of

the geometry of the system, both in the absence and in the presence of the

secondary field signal, is shown in Fig. 187.

Fig. 187-a shows the diagram of compensation to a certain degree, when

only the primary field signal U1 is being received. At the output of

compensation circuit 3 will be some residual voltage Uo, and at the output of

compensation circuit 4 voltage U20, which is measured by the vacuum-tube

voltmeter 12. In this case, at the output of subtracting circuit 14, depending

on the accuracy of obtaining perity in the intensity of compensating signals

U and UT and their stability a certain unbalance voltage AtT 0 measurable

by vacuum-tube voltmeter 13 is obtained. The phase of the comparative voltage
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U is combined with the phase of unbalance voltage A U by means of

phase-shifter 15 and phasemeer 6.

4

"A 17 LUJp, b lJ0

S 0 0 0 0

Fig. 187

If due to variation of the geometry of the system, the primary

field signal increases (Fig. 187 b), signals Uo and U,2o, which have

increased simultaneously to the extent of primary signal increment, appear

at the output of compensating circuits 3 & 4. However, the unbalance

voltage in this case does not change its intensity, i.e., tUo = U o'

With the appearance of the secondary field signal U2 (Fig. 187 c) the

outputs of compensation circuits 3 and 4 will produce, respectively,

residual signals Ui1 and U 2' differeing in phase and intensity. 
At the

output of compensation circuit 14 will appear unbalance voltage AU,,

the phase shift of which in relation to the comparative signal will differ

considerably from the initial (zero) value. These variations are 
established

by the vacuum-tube voltmeter 13 and phasemeter 6. The 
unbalance signal AU

does not correspond in intensity and phase to secondary field signal U2 '

i.e. an absolutely new signal. However, with set values of Uk and U2'it

is unambiguously determined by signal U2' wholly reflecting its variations.

If there is a useful signal U2, and the primary field signal varies,
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e.g., increases to U (Fig. 187-d) provided U2 = const , the residual

signals U 1 and UA2 at the outputs of c6mpensation circuits 3 and 4

respectively are subject to considerable changes. The unbalance signal

LbU' at the output of compensating circuit 14, as shomn by the diagram,

does not change appreciably.

Thus, in the given method of compensation with linear polarization of

the primary field variation of the geometry of the system has less effect on

the measuring of intensity of unbalance signal A U , which characterises the

useful signal U2 and its variations. With increasing degree of compensation
e

X 2

A vector diagram for non-linearly polarized field is shown in Pig. 187-e,

from which it is evident that unbalance signal BU" is quite distinct inx

intensity and phase from signals A U and AU' . Therefore, this method of

compensation is effective only in the case of linear polarization of the

primary field.

The compensation of the resultant field signal U at the output of

preamplifier 2 in this method (Fig. 186) is carried out in the following

order.

1. By means of selective voltmeter 12 the amplitude of Upo is determined

at point b. For this, the commutation of subtraction circuits 3 and 4 is such

at which only signal U . is transmitted through them.

2. By alternate variation of voltages at points a and a' by voltmeter 12,

equal values of compensation voltages U and U. are set with sufficient

accuracy (commutation is only of the subtracting circuit 3).

3. By an alternate connection of phasemeter 6 at points a, b, a', b', zero

phase shift is obtained by phase shifters 5 and 7 between voltages Uo0and Ui

4. By means of selective voltmeter 13, the intensity of unbalance signal is

determined at the output of subtracting circuit 14 and brought down practically
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to zero by the adjustment of even attenuator in block 9.

Bumping of the gondola is controlled by selective voltmeter 12.

9. Compensation system with the horizontal component of auxiliary
receiver of the field.

This system for a composite compensation has been devised for AERI-2(122,

124) with the object of reducing the effect of changes in the geometry of

the system on measuring results. With an appropriate selection of the

system's parameters it may be used for compensating devices and some other

versions of the aerial induction method.

In the apparatus of a single-plane version of the induction method,

when the field receivers are located in the outboard gondola, the most

frequent are the relative parameter measurements of the signal, induced in

the vertical component of receivers of the resultant field. This is

specified by the fact that in the case of the horizontally placed oscillating

frame the anomalous effect is more clearly defined on the vertical component

of the secondary field. For obtaining the maximum useful information the

field detector is oriented in such a way as to react only to the vertical

component of the resultant field.

In the analysis of the primary field in various versions of the

aerial induction method, ratios were obtained for the determination of

components Hv and Hk (III. 15a), and also function curves F 1() (see

Fig. 26) and F2(e) (see Fig. 27), characterising the directivity of field

components in the oscillating frame, which may be taken as magnetic dipole,

i.e. giving the pattern of the primary field in vertical plane with

variation of the gondola's drift angle 0 within the range 0-1800. According

to Fig. 26 and 27, the magnitude of the vertical component close to

direction OZ, typical for some versions of the aerial method with outboard

gondola, exceeds practically more than twice the magnitude of the horizontal
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component near the same direction. Therefore, the secondary field

signal, dependent on the vertical component is not less than twice

higher than the signal from the horizontal component. For AERI-2 apparatus

of the induction method with the length of cable 150 m, the speed of flight

260 km/hr and calm weather, when the variatiorsof the geometry of the system

are negligible, &= 64-65 . In this case, at the point of the field detector,

as shown by calculations, the horizontal component of the primary field

exceeds about two and a half times the vertical component (the signs of

these components are conflicting).

I3'5( l 32j Key to Figure 188:
S I sin2DI (2)

08 emafDirection of
2a gondola connection;

Q6 b, 6, degrees.

0,2

60.62 64 66 68

Fig. 188

The principle of this compensation method consists in the following. If

both the components of the primary field are received simultaneously and the

amplitudes of the corresponding signals are equalized after amplification and

then these signals are added, the resultant signal will be zero with invariable

geometry of the system. The appearance of the secondary field, the signal from

which is better defined the vertical component, will disrupt the attained

party. As a result, the signal of unbalance, which determines the effect of

the secondary field, will appear at the output of the adding circuit.

To estimate the possibilities of this method of compensation with the

variation of the geometry of the system, it is necessary to take into account
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that the maximum allowed variations of the gondala's drift angle on

survey route (from the point of view of safe piloting) do not exceed

+ 50. The drift of the gondola occurs mainly in the vertical plane,

determinable by the direction of the flight. Moreover, assuming that the

parameters m and 1 are preset and constant, from formulas (III. 15a)

we calculate angleO functions, which determine components HV and Hp within

the variation range of this angle from 60 to 700. The resultsof the

calculations are shown in Fig. 188, where curve 1 shows relationship

(1+ 3 cos 2e), and curve 2 - relationship sin 20* . In the

assumed limits of angle 6 variations flexure of curves 1 and 2 is

insignificant, they are practically straight. With increasing angle,

component H , increases, and Hk decreases when the increment rate of

component H! is higher than the decrement rate of component Hg. Therefore,

the variation of the geometry of the system affects mainly the magnitude of

the vertical component.

Thus in the actual conditions of operation of the apparatus no stable

compensation could be implemented by the above methods. However, if in the

compensating system the subtracting signal is the voltage of signal Uk,

generated in the auxiliary field detector by the horizontal component and

before the addition to maintain automatically the level of this signal equal

to the level of signal U , received by the main field detector, it is

actually possible to obtain, even with considerable variation of the geometry

of the system, compensation which is stable and insufficient degree.

If all these reasonings are applied directly to Fig. 188, there should

be something like combining of curve 2 with curve 1 (to obtain curve 2').

When the bend of curves in the preset interval of variation of angle e is

negligible, they combine with an accuracy sufficient for practical purpose.

*For convenient comparison the relationship shown on the curve is sin 2
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To produce this combination, it is expedient to apply the system

of automatic level control according to the block diagram shown in

Fig. 189. Here two reciprocally perpendicular field detectors (frames

P1 and P2 for receiving, respectively, vertical and horizontal components

of the field are tuned by condensers C and C' to the operating frequency

and have similar sensitivity) jointly with preamplifiers YC and YC' are

placed in the outboard gondola. Signals Uv and Uk of the two components of

the field of the operating frequency are fed to amplifiers YC1 and YC2 of

the compensating system, placed in the measuring part of the apparatus. The

signal from component UV arrives at the input of amplifier YC1 directly, and

the signal from component Ut - at the input of amplifier YC2 through the

modulus regulator (attenuator) PM. By means of the modulus regulator, the

signal from the horizontal component U = U o with the initial geometry of

the system (e.g., with the drift of gondola angle e = eo = 650), is fixed

equal to the signal from the vertical component U, = U 0 , i.e. Ug = UVo-

Let this initial level be "zero" level (of course, "zero" level may be

chosen also with another initial drift angle of gondola a).

Thus, the transmission factor of the section PM is determinable by ratio

S U (0)

---------------

T poc- I t
C' i L i", _C

d PM U7 2. 
PU9

___Aircraft _

Fig. 189



- 511 -

The amplification factor of amplifier YC1 is constant and of

amplifier YC2 variable. Amplifier YC2 is controlled by converted input

signals Ugpand U0from differential detector D - D', which could be

connected in this system in two ways: on the input side of amplifiers

YC1 and YC2 (system "ACG-forward", denoted in Fig. 189 by dashes), or on

the output side of these amplifiers (system "AGC-back", denoted in Fig. 189

by continuous line).

Since the system "AGC-back" is a system with backfeed, the effectivity

of automatic gain control and stability of operation of the AGC system

considerably increase (121). However, this system is more difficult to

implement, as with rigid demands for the parity of output signals it is

necessary to have an additional amplifier YC3 in the control voltage

circuit ofautomatic gain control. Being the amplifier of direct current,

it should have a sufficiently high amplification factor and should be made

up on a balance circuit, which produces output voltage of different polarity.

In this case, the insignificant deviations of voltages from condition

U' - Up at the outputs of amplifiers YCI and YC2 should be quite sufficient

for controlling the amplification factor of the adjustable amplifier YC2.

The problem of the differential detector includes generation of

controlling direct current voltage, proportional to the difference U- Ut

for the first case and U' - U" for the second. At zero level the

amplification factors of both the amplifiers should be similar and the

control voltage, generated by the differential detector, should be zero.

Therefore, when the output voltages U' and U" of amplifiers YC1 and YC2,

respectively, are equal and the phase shifts of these voltages are similar

(combined on zero level by means of link RF), there is no unbalance voltage
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at the output of subtracting circuit BC. Moreover, if after attaining

compensation the ratio of the amplifier's output voltages changes, the

lind D - D' should generate controlling voltage sufficient for changing

the amplification factor of amplifier, YC2 to a value, at which the

output signal of this amplifier would strive to attain parity U" = U'.

To fulfil this condition, the differential detector D - D', as well as

the adjustable amplifier YC2, should meet certain requirements.

10. Construction principles of the main nodes in the compensation system
with the horizontal component of auxiliary receiver of the field.

The theory and calculations of the AGC systems have been described in

a number of works (121, 199, etc.). But since the application of the aerial

induction method is dependent on certain limitations (measurable and

controllable quantities, the range of their measuring, etc.), it is

necessary to describe the main links of the AGC systems, applied in

composite electric compensation.

The main requirement of the controllable amplifier YC2 in both the

cases of the differential detector's connection is that its amplification

factor would vary within the required limits with difference of signals

Uv- U? (Ut - U" ) not exceeding the allowable, determinable by the

measuring limits of angle 0 . The dead zone of controlling the amplification

factor of amplifier YC2 with low intensity of controlling voltage, produced

by link D -D', is determined mainly by the intensity of this voltage and

the dynamics of the AGC system. In the case under discussion it would be

desirable to have the dead zone not over 0.5-1% of the maximum difference

(Uv)-(U ). The variation steepness of the amplification factor in

amplifier YC2 should depend on the level of the controlling voltage and

should be maximum at the low intensities of this voltage.
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The achievement of ideal parity of voltages U and Uh at the

outputs of amplifiers YC1 and YC2 is impossible due to the presence of

some errors in the differential detector and the dead zone of the

adjustable amplifier YC2 , and also due to errors in other links of the

AGC system. Therefore, the relative error of automatic follow-up will

o10o = 6 , (XI.6)

always be finite.

Valge 5 is taken in relation to the degree of compensation, necessary

for practical purposes, and accuracy in parameter measuring of the

decompensation signal.

Now let us analyse in more detail the individual links of the AGC

system, applied in the method of compensation described above.

Differential detector D - D'. This detector could be made up, for

instance, on the circuit shown in Fig.190-b. The circuit is based on a

symmetrical amplitude discriminator on double triode, a block diagram of

which is shown in Fig.190-a. Here R1 = R2 - resistance of the tube's

anode loads; % - the load resistance of the discriminator and balance

resistance of the differential detector; D1 and D2 - the detectors

(rectifiers) of signals, respectively, from vertical ( 61, 11) and horizontal

( 2' R 12) components, induceable in the field receivers. The initial bias

on the controlling grids is generated by stabilizer D, connected with the

cathode circuit. The drift stabilization is implemented by stabilizing the

stabilizing the resistance RSt in cathode, connected following stabilitron.

The output voltage of the amplitude discriminator (voltage on

resistance Rb) is determinable by the relationship where K p - the
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SRa

amplification factor of the discriminator, K = R + R+ . The time

constants of detector circuit t1 and of filter ~Tat the output of the

discriminator should be less than the bumping period of the gondola

(T

U R

=u =L + RX ( 1 - U 2 )  KI(u1-u2)' (XI. 7)

Ul- U, A

When U U , the D - D' linR should generate controlling voltage of

positive polarity for increasing the amplification of amplifier YC2 upto the

required magnitude, if U'v< U - negative polarity for reducing theamplification of amplifier YC2 . At U --- 0 the contro l signal should

also strive towards zero.
Linear amplifier YC1 . The amplification factor of this amplifier is

selected on the condition that the peak of its output voltage, which takes
place at = 70Fig. (see Fig. 188), would not exceed that admissible for working

in the linear section of the subtracting circuit BC (see Fig. 189) and the

differential detector (these links should not be overloaded). The dynamic

range of the amplifier should be higher than the dynamic variation range of

the input signal (minimum intensity of the input signal is determined at

0 = 600). Naturally, the amplitude characteristic of the amplifier should be
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linear in the given dynamic range. The zero level is taken approximately

in the middle of the curve's linear section. In everything else, the

estimate of the amplifier should be in accordance with the operation

recommendations of (199, 249).

Adjustable amplifier YC2 . The amplification factor of this amplifier

at zero level K20 must be equal to the amplification factor X of amplifier

YC1 . In this case, the adjusting, i.e., controlling for amplifier YC2 voltage

A U = U - U = 0. The initial bias voltage is determined at the same

level.

If the differential detector is out-in on the input side of amplifiers

YC1 and YC2 (system "AGC-forward"), the required variation curve of the

amplification factor in the adjustable amplifier should match the variation

curves of voltages UV and Up , which are shown in Fig. 188 by curves 1 and

2, respectively. This matching is attained by selecting the parameters of the

amplifier's circuit, in particular its amplification curves K2 = f(E).

Curve K2 = f (E ), matched with curves 1 - 2, can be plotted in the

following way. On curve in Fig. 191-a, identical to that in Fig. 188,

ordinates are drawn through the point of zero level and through a certain

number of angle 0 variation degrees (for instance, through two degrees) to

the point of their interesection with curves 1 and 2. The obtained points of

intersection which we denote as A..., A2, Al , AO, Al , A2 ,*,A (on curve 2)

and B ,..., B2, B1, B0, B B2... , B (on curve 1), will correspond to points

C,..., C2, C1', CO, C1 C... C on the axis of abscissae. Ordinate segments,

confined between points A and B , i.e. B C - A C , are proportional

to the difference between input voltagesZAU = U - U B - A C
VL B CL

For the given AU value, in accordance with the working principle of this

method of compensation, there should be the following relationship.
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U = K2U (XI. 8)

Hence

K2  U B C (XI. 9)

K1  - - A C

K2

Naturally, for the zero level, when U = U , we have K - 1.

At < 0 , when B C A C andA U4O we obtain K1 1 with
K K K1

S>v 0 and B Cn C >0 we get K1 .

Plotting of the adjustment curve of amplification factor YC2 according

to this reasoning given could be implemented as follows: for C = eo
K2 BA C

from Fig. 191-a we determine K- L . Simultaneously, taking into

account the scale on the axis of ordinates, we find U , corresponding to the

given e . In this way, we determine abscissae SU, and ordinates K for
K2  1 J

the points of curve 2- = f ( U). From this curve, with the change of

scale on the axis of ordinates, it is easy to pass on to curve and then,

taking into account, that E= E + &U, - to curve K2 = f(E ), which

determines the sought for curve.

K2 =( K1 = f (AU),K2 (-K1

Having obtained the amplification curve K2 = f(E ) and having selected

the tube for the adjustable amplifier, we determine the resistance value of

it anode load and the corresponding slope of the load line on the curve

iU. In this we should strive to obtain the maximum possible coincidence

within the preset variation range of control voltage U of the amplification

characteristice in amplifier YC2 with calculated characteristic K.
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The achievement of the highest coincidence of calculated and actual curves

of amplifiers YC1 and YC2 assures a more precise parity of output signals U'

and Uj of these amplifiers. As a result the relative error of automatic

follow-up becomes considerably reduced.

If the levels of both the signals at the input of the subtracting circuit

are maintained practically equal, the subtracting circuit, also responsive to

phase changes of the input signals, will react only to the variation of the

phase ratio between signals from vertical and horizontal components, caused

by the anomalous field. Thus, the unbalance signal Uopat the output of

subtraction circuit BC, proportional to the phase shift between signals U'V

and U" is the one sought for. When the compensation is almost of 100,

the total effect of the secondary field will be defined. The Phasemeter,

-(1/3cos29)+L ()

0,8 1- jsn20 U; (2) =- U 1,5 2' 2

4 II

I I 0,5 ,92 28U
C4  3 C CCC C 5-Eg

60 62 64 66 , 68 70 pad AU4AU3AUAUAU

a 6 Ug=o

Fig. 191

U U U o, S= YOr

Fig. 192
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connected at the output of the subtracting circuit (following the selective

amplifier), will measure phase the shift between the comparative signal,

taken, for instance, from the master oscillator, and the output signal of

the compensator. The magnitude of the shift angle is determinable by

characteristics of geoelectric irregularities in the upper layers of Earth

in the survey area.

Since, usually, the vibration period of the gondola is comparatively

high, it is not difficult to provide the quick-acting circuit of automatic

maintenance of the compensating signal level at the outputs of the subtracting

circuit equal to the level of the measurable signal.

The application of the given method of compensation, besides reducing

the dependence of aerogeophysical survey on weather conditions provides

other advantages also.

1. The effect of parameter variation of the primary field solce and of the

distance between the source and the receiver of the field on the stability of

compensation is considerably reduced.

2. The effect of vibration noises in the receiving tract on the

measuring results is reduced.

3. Cophasal inductions are reduced on the receiving channel.

4. The effect on the stability of compensation of the non-linear polarization

of the primary field caused by the metal mass of plane (since it affects

similarly both the components)is eliminated,.

11. Compensation circuits with independent (inner) automatically controlled
compensating signal (circuits with AGC).

The operation of the systems described below is based as in the preceding,

on the principle of sustaining the compensating signal on the level of the

measurable and on measuring anomalous variation of unbalance signal (its modulus

and phase shift in relation to comparative signal). However, in contrast to the
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preceding, the compensating signal in these systems is the comparative

voltage, produced by the master oscillator. Therefore, a two-channel

receiving system is not required(two field detectors and preamplifier) here

per one operating frequency, nor of the composite compensating system. At

the same time, these compensating systems permit substantial reduction of

effect from the variation of the geometry of the system with negligible

non-linear polarisation of the primary field.

For these compensation systems, it is possible to apply various

systems of sustaining the compensating signal at the level of measurable

(AGC systems). With this the use is mainly of phase anomalies (131).

Let us take the general aspects of some AGC systems, applicable in

compensating systems of the induction method apparatus with combined or

spread out source and receiver of the field.

Fig. 192 shows two possible versions of the systems, in which principle

of automatic gain control "AGC-forward" is applied. In the system shown in

Fig. 192- a , output voltage out of the controllable amplifier RY follows

the variation only of input voltage U amplitude, remaining equal to this

voltage within certain limits of its variation, i.e. (U,= (U) = var and

f = var, fV 4 = const. In the system in Fig. 192 - b output voltage Uo0,

remaining invariable in the amplitude, with a certain variation of the input

voltage, follows only variation of the input voltage phase, i.e. (U ~= const

at U, = var and f-= fJ= var.

In the system shown in Fig. 192 - a, the direct control voltage of

positive or negative polarity at the output of detector D (PY-intermediate

amplifier) is a function of the input signal, i.e. U = f(U'). It controls

the amplification factor K of the adjustable amplifier RY. With varying

amplitude of input signal U- , for instance with its increment, the control
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voltage increases, increasing (or decreasing) amplification of the 
controlled

amplifier. Since at the second input of amplifier through 
modulus regulator

R1, the input is of comparative voltage Uo the output signal U (transfermed

comparative) will either increase or decrease in relation to the 
amplification

factor of the controlled amplifier. Therefore, the output signal is a function

of two parameters: U = F(U =, U = F1 (K, U ). In amplitude, this

signal with a definite error should always be equal to the input 
signal with

its variation within the preset limits, i.e. U = U.. The subtracting circuit,

at which voltages U = U-arrive equal in amplitude reacts only to the variation

of phase ratio between these signals.

In the system in Fig. 192-b,voltage U = at the output of detector D

controls the amplification of adjustable amplifier PY in such a way that the

amplitude of the output signal remains invariable and independent 
of the

amplitude of input signal U' (U const). The initial phase of output

voltage corresponds to the phase of the input voltage, i.e.Cg = var.

Thus, the subtracting circuit receives two signals: U with invariable amplitude

and varying phase and invariable in intensity, and phase comparative voltage

U , which in this case is compensating. Therefore, the subtracting circuit

will react only to the variation of the input signal phase. A more complete

block diagram of the compensating system is given in Fig. 193. Here IY - the

selective amplifier; F (FRV) - the phase meter (phase-detecting voltmeter); I - the

gauge of measurable parameter. However this system of compensation 
does not

assure the required level of stability of the output voltage of the adjustable

amplifier throughout the whole variation range of the amplitude of the input

signal existing in practice (with variation of gondola drift angle 
e within +

5,'). Hence the application of this system is limited.
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Let us consider in more detail the first system of functional resolution

of analyzed electric compensation to apparatus of induction aeromethod. 
The

block diagram of the compensating system (for one operating frequency) is shown

in Fig. 194. This system permits the measuring, with an error allowed in

practice, of parameters of amplitude U. and of phase cp , specified by the

secondary field signals.

fl------------ '

Fig. 193 Fig. 194matching cathode repeater P and preamplifier GY, arrives at the compensatingPY

is set by the modulus adjuster, and the required phase shift between the

p Gond oji
l PPM

I 3r

Fig. 193 Fig. 194

The operating frequency signal U = Up9 received and amplified by the

receiving system, consisting of receiving frame R, its tuning condenser atus

matching cathode repeater by the ph and preamplifier Y, arrives at the compensating

system: at one of the inputs of the subtracting circuit BC and at the

intermediate amplifier By. From the PY output the signal is delivered to

rectifier D (detector) for obtaining the control voltage. This voltage controls

the amplification of amplifier RY, to the input of which from master oscillator

ZG through the regulator of modulus RNI comparative voltage U is fed. The output

voltage of adjustable amplifier arrives through phase shifter RF at the second

input of subtracting circuit BC. The required amplitude of compensating signal UK

is set by the modulus adjuster, and the required phase shift between the

measurable and compensating signals in the initial conditions of the apparatus

activity is set by the phase shifter.
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The characteristics of elements PY, D and RY, which are being led, into

the compensating circuit, should be such that the amplitude of compensation

voltage UK at the output RY at any moment of time would be equal to the

amplitude of the input voltage Up (with the set error), i.e., the transmission

factor of node PY-D-RY should at all times be one. The time constant of the

detector's filter assures the required quick action of the AGC system with

variations of the input signal, caused by the break in the geometry of the

system. Experience of working with AERI-2 apparatus has shown that this constant

should not exceed 0.15-0.8 sec. Pentod with elongated characteristic is used

as the control tube.

In AERI-2 the power of the generating system and the torque of the

radiating frame determine the density of the primary field, at which in

normal flying conditions the signal, induced by the vertical component of this

field in the tuned receiver, is 600-800 my, at the input of the compensating

system (after amplification by the gondola amplifier) - 0.6-0.8 v.

The variations of the amplitude of the signal with disruption of the

geometry of the system in percentage of the intensity of the signal, specified

by the primary field at the point of the field detector's initial position

(angle e = 64-650), for point P3 with the reception of the vertical component

H are given in Table 14.

According to Fig. 195, the initial phase of the primary field signal on

frequencies upto 1300-1500 cps varies actually very little, i.e., on these

frequencies the primary field may be assumed to be linearly polarized. On

frequency 1949 cps, the variations of the phase, specified by polarization of

the primary field, are not over 3-3.5 . The curves in Fig. 195 were obtained

in 1960 from the measuring data of ABRI-2 apparatus, set up on the IL-14 plane.

The measurements were taken at the speed of flight of 200-280 km/hr, which
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is equivalent to the variation of the geometry of the system within

64 ± 50. With the variation of the geometry of the system, besides the

reactive component, the parameter suitable for measuring, as follows from

Fig. 195, is the signal phase, which with the increasing degree of compensation

defines itself more clearly.

U.Mn
600 V=200/M/q 215 230 240 250 270

0 f=243e4
300 - a

200
(po pd

~-5 -1 - V-Fig. 195

-

-10

Fig. 195

Fig. 196

The curve, shown in Fig. 196, of phase variation with compensation three

times the signal of the primary field and with twice-repeated flight along the

profile with geoelectric irregularities (speed offlight 260 km/hr, altitude

above the ground about 200 m) confirms the stated assumption.
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Calculations and practical work with AERI-2 apparatus provide grounds

to assume that the usual intensity of the useful signal U2 is 0.1-0.05 of

the intensity of the primary field signal U1. Taking U1 = 600 mv, we get

U =60= 0 - 60 mv.
2 10 - 20

If the variations of the gondola's drift angle 6 do not exceed +- 3 , the

primary field signal varies practically within ± 25%. Thus, with the initial

mean value of signal U1= 600 my its variations comprise 300 my (± 150 my).

In the background of these variations of the received resultant field signal

U it is practically impossible to define the useful signal.

The initial phase of signal U2 is determined by the nature of the

conductive object, i.e., by parameter pa2 (98); it may vary from a single

to several tens of degrees. However, in the absence of electric compensation,

the apparatus, according to Fig. 171, should measure values I (AiU ) and

t ( A O ), containing respectively a few per cents of the total signal

and degree unit. Measurements of this type are rather difficult.

0 02

a UU PN

' 40 oi"l1;U

PHc. 197.

a . -
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Let us evaluate the efficiency of this method of compensation by the

application of the AGC system by comparing vector diagrams, showing the

simple (see para 3, chapt. XI) and composite methods of compensation (134).

With this we shall take into account the values of parameters, measurable

by AOIRI-2 apparatus, and also the effect of the ground surface with finite

resistivity.

Assuming approximately that the ground effect gives the interference

signal U3 , the amplitude of which is about 1/30, the amplitude of the

primary field signal Ul, i.e. U ~ 20 mv. Assuming that the amplitude of the

interference signal U3 does not vary in either case, and the phase shift of

signal U3 in relation to U1 is 900 (the worst possible condition from the

point of view of interference intensity).

Simple method compensation with invariable initial phase of the

compensating voltage, matched with the initial phase of the Primary signal.

A vector diagram, which accounts only for the ground effect, is shown in

Fig. 1971.*The amplitude variation of signal U1, due to disruption of the

geometry of the system is + 150 my ( 25% U ). The compensation voltage

here is taken less than Up U1. We assume that U = 400 mv. The

measuring apparatus measures the unbalance voltage U (U' , U" ) and the

phase angler C( e~, Cp ). The diagram shows that, in this case, the

variation of the unbalance voltage is rather high and that of the phase

angle not very high. According to calculations, U = 200 mv, U' = 300 mv,

U" = 50 m; 2 = 0, 9= 0040 ', (P'= 2030 '. Further, we assume that signal

U2 = 40 mv, which has apeared from the anomalous object, does not vary

with changes in the geometry of the system, either in intensity or in

phase (Fig. 197 b). Therefore, the measuring is of unbalance signal

*For descriptiveness the scale of values in the drawing is not fully

adhered to.
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U (U , U") and its phase shift CP(C, ' cp') in relation to the comparative

voltage. The unbalance voltage and its phase shift are subject, with the

variations of primary signal U1 due to bumping of the gondola, to considerable

changes. It is easy to become convinced from Fig. 197 b, that the amplitude

variations of unbalance voltage U (' , Ui") are considerably greater than

those of the useful signal U2. The results of calculations of U andcP (U2= 40mv,

U = 20 my and also assuming that with U1 = 600 my the angle between U2 and

U is of 600) are as follows:

Ul, mv ............ 750 600 450

U , my ............ 371 223 80

A ............... 3042 '  9026 '  29040 '

Composite compensation method with the AGC system. A vector diagram,

which takes into account only the ground effect, is shown in Fig. 197 c,

where (UF) = (UP. According to this figure, the amplitude of the unbalance

voltage at U1 = 600 my is equal to zero (U = 0), U'1= 750 my - U! U" = 450 my

U"' , in which case U' and U" are considerably lower than U3 . Simple

calculations show that U' = 4.8 mv, and U" =5.1 mv. But the phase shifts of

unbalance voltage U vs. comparative voltage vary considerably. It may be

assumed that the obtained intensities of unbalance voltage almost correspond

to the sensitivity threshold of AERI-2 apparatus and are practically the

same as the noise level. Therefore, even considerable increments of angles

and changing the geometry of the system will not affect the measuring results,

since in this case the phasemeter will not operate.

With the appearance of useful signal U2 (Fig. 197-d) the receiving

frame perceives signal U, and the apparatus measures the amplitude of

unbalance voltage U (U~, U" ) and the phase shift(P ,CP). The amplitude

variation of voltage U1 has very little effect on the variation of the

unbalance signal and its phase and this is important - signal U differs
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little in amplitude from the useful signal U2

The intensity of signal U is determined from relationship

U = K + U _ 2U cos , (XI. 10)
x S.C j kk

where K - the amplification factor of the subtracting circuit; c - the
S.e

phase shift of Up signal vs. UK signal.

It is easy to note that the phase shifts of the unbalance signal

are considerable, which permits their fixing with more assurance. With

the variation of the phase shift &between signals Up and UK , due to the

appearance of useful signal U 2, the measurable angletP between comparative

U (or compensating U%) and the measured U signals is determined from the

equation obtained by resolving the oblique-angled triangle, formed by

vectors UK, Up and U (Fig. 197-d) vs. angle tp(74):

arctg sin (XI. 11)
x= arctg i- acos O(

where a - the modulus ration of the resultant Up and compensating UK
(Up)

signals, a = , i.e., factor a characterises the degree of difference

between these signals in amplitude.

From formula (XI. 11) it follows that anglet fis greater than angle

0( and increases if a -+l, i.e., when (U) (Up). The last condition is

provided with the increment of sensitivity of the compensation system and

the decrement' of error in the automating control of the AGC system.

Given below are the results of calculating values U and p:at

U2  40 mv, U = 20 mv:

U l , mv ........ 750 600 450

U ,mv ........ 34 35 41

px ........ 91016' 91038' 92030'

Comparing the diagrams shown in Fig. 197 and the calculation data
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of values UX andCIPfor both the discussed methods of compensation, it

is possible to be convinced that compensation with the AGC system has

certain advantages in measuring the amplitude of the unbalance signal

(amplitude parameter). Moreover, in this case, it is possible to give

an approximate quantitative evaluation of the secondary field signal

also, since the amplitude of unbalance signal U does not differ very

much from the amplitude of useful signal U2. But the amplitude variations

of the unbalance signal with disruption of the geometry of the system

are not very high, being on an average 17-20o (in the first of the simple

compensation methods with similar conditions for the geometry of the

system the amplitude of the unbalance signal varies 4.5 times).

The given estimates correspond also to other values of U. signal, and

with the lower interference signal U3 , which may often have place even

with a smaller variation range of the geometry of the system,- th variations

of U 1 signal will also be less. Analyzing the calculation results of UT and

cIP in the composite method of compensation, we come to the conclusion that

the variation of the unbalance voltage phase shift Qrwith bumping of the

gondola is on an average 37'. Actually, this is a very low variation in

comparison with seven to eight times greater variation of the phase shift in

the first simple method of compensation. However, if angle ~( between signals

Up and Ug( is high (several degrees), and its relative variations with

variations, of useful signal U2 are low, there will be no gain in measuring

the phase parameter, and the "amplification of the phase shift", determinable

as ratio c (74), is not a decisive factor in this case. The main

criterion for the expediency of measuring the phase parameter for the

compensation system discussed is the quantity d However, in the given

case this quantity remains very low.
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12. Principles of building up main nodes in compensators with the
AGC system.

Compensation systems, in which the AGC principle is used on condition

that U = U = var, could be implemented in the apparatus of various methods
K V

of aerial electric prospecting. The selection of the system is necessitated

mainly by the method of controlling the adjustable amplifier and the type of

radiotubes applied in this amplifier.

The block diagram of the compensator, in which the adjustable amplifier

is made up on tube 6K3 with third grid control (131), is shown in Fig. 198,

where the only nodes shown in detail are those not present in AERI-2 apparatus.

The initial negative voltage on the third grid of 35 (248), is generated on

resistance R14 of divider R11-R 1 4 , which at the same time serves as divider

for the second grid voltage. The initial method of operation is made more

precise by adjusting resistances (R12 for voltage adjustment on the second

grid and R14 - on the right grid). Working conditions of tube 6K3: EL= 240 v;

R = 27 k-ohm; U 120 v; I 9 m; = -35 v ; E -5.5v. Used asO. ti . e 73 ri

detector (rectifier) of the control signal is diode D2E, cut in through the

cathode repeater at the output of the intermediate repeater with amplification

factor K 25. The operating conditions of the rectifier (C3, R6 - R8 , C4)

are so taken that the average value of the output voltage would be equal to

the virtual value of the initial alternating voltage within the range of the

latter's variation 5 - 40 v. The output voltage of the adjustable amplifier

could either be taken off either the whole anode load R15, or its portion

depending on the ratio taken between the intensities of the comparative

signal and the input voltage U = U

Investigation of control voltage detector consisted in more precise

determination and matching in its circuit of parameters which were meant

to assure the maximum possible linear section of the detector curve and
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also that in the same scale on the coordinate axes of voltages U and

U the slope of this curve in relation to the indicated axes would be 450

In the investigation of the detector, a diagram of which is shown in

Fig. 198, a detector curve was obtained (Fig. 199), which meets the above

requirements. Since the detector in question gets cut in at the output of the

intermediate (linear) repeater through a matching cathode repeator, the

latter must assure practically without distortions the transmission of the

whole variation range of the intermediate repeater output voltage (from 0 to

40 v) at the peak value of the transmission factor. To meet this condition,

the bias voltage to the controlling grid of the cathode repeater is fed from

the divider cut-in to the circuit of anode supply source. Experiments have

shown that the transmission factor of the cathode repeater at high signals

(20-40 v) is 0.97.

The diagram investigation of the controlled amplifier included the

determination and matching of parameters, which would assure obtaining the

amplitude curve of this stage, satisfactory for the problem of the controlled

amplifier in maintaining the level of its output voltage at the level of

input voltage (with a minimum error) with variations of the input and

comparative voltages within the preset limits.

PO/2 +300

OL7O- BC Rs

j7 -6H31 C5  /726K3 or;

T C R,

Fig. 198
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Fig. 200 shows the experimental amplitude curves of an adjustable

stage worked out on a model at various intensities of input U = U and

comparative U volta'es. The curves show that the adjustable stage assures

a sufficiently linear maintenance of the output voltage level at the level

of the input voltage with the latter's variations from 0.3-1.2 volt and

with ( ) = 0.4 - 1.0 v. Quantities U , UmAand U4 , which determine the

curve, are interconnected by relationship UC,U 3= kU,t, where k - the

proportionality factor for the given circuit, equal to two.

40

30

20

10
0

10 20 30 40 LL,0

Fig. 199

8 .b-.8 u,.

20 1,2

5 0,4
0.2

0 5 10 15 20 25 30 +Ug,8(fUY)
0 0,2 0.4 0,6 0,8 10 1.2 1.4 uL,, 02 04 06 08 1,2U,,

PHc. 200. PHc. 201.

Fig. 200 Fig. 201

The amplitude curve of the whole AGC system, encompassing the

intermediate repeater PU, the detector and adjustable cascade on tube

6K3, is shown in Pig. 201. It makes it possible to assume that the error

of sustaining the level of the output voltage at the level of the input

voltage does not exceed 5% with the variation of the comparative signal
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within limits 0.4-1.0 v, which, in the given systems, carries out 
the role of

compensating voltage Uk'

Thus, the discussed AGC system permits the assurance, 
with an error

upto 5%, of automatic maintenance of the output voltage Uout 
= Ux at the level

of the input voltage U. =A with the latter's variations within the operatingivk r

range 0.3-1.2 v and with U comp=0.4-1.0 v. The output voltage of the sub-

tracting system U =U1 of this level arrives at the amplitude and phase gauge.
out x

Fig.202 shows the block diagram of another version of the compensating

system, which assures compensation by amplitude in a range of signal 
variation

wider than the above system (129).

#=100 X-400

500M-10o8 U~ 5 O10MB

x BC 0,5100B

r"---A fly d i

Fig.202

Assuming that the amplitude variation range of the resultant field

signal at the input of the gondola amplifier U = 50 microvolt-20 millivolt. Inr

this case at the input of the measuring unit with the amplification factor of

the godola amplifier G~M - 100 the measured signal Uro will vary within the1o

limits 5 mv-2v, i.e., its dynamic range equals 400. It is obvious that to pro-

vide the required depth by simple methods and systems, the stability and preci-

sion of compensation with such a high variation range of the input signal does

not seem to be
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possible. Therefore, at the input of the compensation system an

attenuator A has been provided with ratio of division 1 ; 10 and 100

with the following variation ranges of amplitudes of the input signal

5-100 my; 50 mv-1 v; 500 my - 10 v. Automatic compensation is provided

for within the variation range of input signal equal to 20 (about 26 db).

From the output of attenuator A signal U = 5 - 100 my is fed to one

of the inputs of the subtracting system BC and to the intermediate

repeater PU, the amplification factor of which K = 400. At the input of

detector D, the signal varies from 2 to 40 v, thereby assuring linear

section of detector curve for the adopted variation range of the input signal.

In this diagram detector D and filter F are identical to those in the diagram

in Fig. 198. At the output of the filter is a constant divider (not shown

in the diagram), assuring the reduction of the control voltage to

0.5-10 v (ratio of division 4). This voltage is required for the control

of the adjustable amplifier RU.

The adjustable amplifier also receives comparative voltage U' the

amplitude and phase of which are controlled by the governors of modulus RM

and phase RF. Moreover, the adjustable amplifier receives initial bias

voltage E -of positive polarity. The adjustable amplifier is made up on

the double triode 6NlP with sufficiently high resistances of anode loads.

According to the data of (248), this assures good linearity of the

amplitude curve with variation of negative bias voltage from 0.5 to lOv.

It can be asserted that it is possible to obtain' the amplification

factor of the adjustable amplifier, linearly increasing with increment of the

input signal in the range of 26 db, with variation of bias voltage on the

control grid from -1 to -10.5 v. To make sure that the indicated condition

is obtained the control of the RU amplification factor is effected by the

control voltage E = +(0.5-10)v, delivered to the control grid of the tube
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in the presence of initial bias voltage E . of positive polarity, with

11 v for the given system and fed into the cathode circuit of tube 6NIP.

The resultant negative control voltage - E' , active between the cathode

and the triode grid, is generated by the difference of the following

voltages: invariable initial bias voltage E , of positive polarity and

varying control voltage E , also of positive polarity.

A diagram of the adjustable amplifier is shown in Fig. 203. The

elements of the system, for instance, resistances R1 and R3 of the anode

load, and the mode of the amplifier's operation are so matched that with

the variation of control voltage, which fully reflects the amplitude

variation of the input signal U' , and with U' = 5 mv, there is the
ro C-P

required intensity of compensation voltage (5-100 my) with accuracy of

the automatic follow-up, acceptable for practical purpose.

.. - - +3306-
R4

6Hin

J.= T
IR R1

R 8  R95 -10 D M 6
r C5

•f _"8 RI

* Ubl Rr .(0,5-.f0,q.'

Fig. 203

The source of anode and filament supply for the RU system

correspond to the input of voltages to compensator AERI-2 apparatus

(330 v stabilized anode voltage, 6.3 v of direct current). The source
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of the direct bias voltage is stabilitron pl type D-811, connected with

the lower arm of the anode supply circuit divider R5-R 6 . The use of

stabilitron as the bias source and its setting in the cathode circuit

make it possible actually to exclude reversefeedback on direct current.

This makes the amplification factor of the adjustable amplifier

independent of the active inner resistance of the bias voltage source,

cut in to the cathode circuit. Non-presence of the reverse feedback on

alternate current is specified by the connection into the cathode circuit

of by-phase capacitor C6 of sufficiently high capacitance.

The analysed control system permits practically total exclusion of

the reciprocal effect of two individual sources of voltages, applied for

the control of the AGC system.

At the RU output is a divider R11 - R12 of the output signal, by means

of which the required amplitude of the compensating voltage UK is set

(the amplification factor of a two-stage adjustable amplifier with

optimum anode loads, at which the linearity of the amplification curve is

assured, considerably exceeds that required). By means of variable

resistors R2, R1 2 and R1 5 the initial adjustment of the RU system is attained

and also its tuning during the changing of the tube.

To investigate the RU system with a high dynamic range of adjustable

quantity, the choice was of the anode load of the amplifying tube, its

mode of operation, also the method for controlling the amplification factor.

In the final estimate of the RU system, determination was made of its

= F(E ) curve at U = const, its non-linearity and the effect of tube

changing was defined more accurately.

To carry out automatic gain control of the compensating signal within

limits 5-100 my with accuracy not below 5%, the anode load of each triode
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in tube 6N1P was taken as 91 k-ohm with controlling voltage 0.5-10 v,

supplied to the tube's cathode circuit. According to the dynamic gri-plate

characteristics of the triodes in tube 6NIP, the amplitude curve of RU on

resistors is sufficiently linear within the measuring range of the input

signal (hence, the bias voltage also). It should be mentioned that the

dynamic range and linearity of the RU curve depend on the intensity of

voltage of the anode supply source. Satisfactory automatic control may be

obtained with anode voltage 330 v.

Resistors R5 - R6 of the divider for the source of direct bias voltage

of positive polarity were taken so as to obtain the working current of

stabilitron not less than twice the minimum stabilization current of 5 ma

and the voltage drop on resistor R6 about 15-20 v. In this case, stabilitron

D-811 provided sufficiently high stability of the initial bias voltage

E .= 11 v with the anode current variation of each triode in tube 6N1P

from its minimum At the highest negative resultant bias voltage of 10.5 v

to 2-2.5 my at -lv. The divider resistors R14- R15 were taken with the

object of obtaining the required ratio of division (1:4) and of possible

adjustment of the control voltage within negligible limits. The latter is

provided by variable resistance R1 5.

2 100 "

80

60

40

20

-E o . 4 2

Fig. 204
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The source connection of the initial bias voltage into the

cathode circuit of the tube provides an ideal galvanic separation of this

source from that of the control voltage. Therefore, parameter variation of

one of them does not affect the second source of voltage.

Fig. 204 shows how the experimental curve of the adjustable amplifier

U =F (E combines with calculated for a case, when U = 5 my = const and

E = 330 v (continuous line 1). According to calculations, non-linearity

does not exceed ± 3%. The change of the RU tube slightly increases this

divergence (dash line 2 - average RU curve with the change of tubes). By

an appropriate adjustment of the system, curve 2 could be combined with

curve 1.

The subtracting system, the phase shifter, the attenuators, the

aperiodic amplifiers and other nodes and elements of the analyzed

compensation system,which are common for the simple and the composite

methods of electric compensation, were not investigated in addition.

13. Reduction of effect of the variation of geometry on the stability of
compensation by means of addional field sources and detectors.

In USA, several modifications were worked out for the apparatus of the

induction aeromethod of Schemes for composite electric compensation, based

on the use of additional receivers or auxiliary sources of the field. By

means of these elements it is possible to obtain a compensating signal equal

in magnitude to the increment of the primary field signal from variations

of the initial geometry of the set-up. In the compensation schemes, this

signal is subtracted from the main signal, thereby making the measuring

results independent of the slight variations of the geometry of the system

and subsequent deep and stable electric compensation of the primary field

signal (181)..

Let us analyze in more detail some of the compensation methods, which,
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as a rule, reduce or eliminate the disturbing effects, emerging with the

slightest variations of distance between the field's source and receiver,

and also with their reciprocal slight angular shifts.

Fig. 205 shows schematically plane 1 with the outboard gondola 2,

towed by cable 3. The line of motion of the gondola coincides with the

flight line.of the plane. Set up inside the plane is the oscillator 4, the

energizing oscillating frame 5, placed on special brackets in the nose part

of the plane and having a horizontal magnetic moment. The primary magnetic

field is excited by the ore body 10. The receiving frame 6 is set up in the

gondola. The second oscillating frame 7 is placed in the tail part of the

plane and gets the energy from oscillator 4. Axes of frames 5-7 lie on one

straight line. The oscillating frame 7 generates compensating voltage on the

receiving frame and excites the ore body. Thus in the receiving frame is

induced a signal, specified by the primary field of the main supply frame,

compensating field of the oscillating frame 7 and the secondary field

from the ore body. The resultent signal of these three separate fields

is amplified by amplifier 8 and delivered along a cable from the gondola

to measuring unit 9. A diagram of frame arrangement in the given set-up

is shown in Fig. 206.

.PH. 205.

Fig. 205



- 539 -

The following definitions are being adopted: M1 - the magnetic

moment of frame 5; M2 - the magnetic moment of frame 7; rl - the

distance between frames 5 and 6; r2 - the distance between frames 7 and

6; H1- the primary field intensity on frame 6, specified by frame 5;

H2 - the compensating field intensity on frame 6, specified by frame 7; N -

the number of turns in frame ; U1 and U2 - voltage, induced in frame 6

by H1 and H2 fields respectively.

MP, M2P3 ~ 7- - - - - - - -- - - - - - - - -

L- r

Fig. 206

We then get

H1 = C 1Mrl3

H = C M (XI. 12)
H2 = C22 r 2 , XI. 12

U1 = KNH1;

u2 = KNH2, (xi. 13)

where C1, C2, K - constant.

Magnetic dipoles M1 and M2 are opposing and directed along the axes

of frames 5 and 7 (see Fig. 206). If centre P2 of frame 6 is at considerable

distance from centres P1 of frame 5 and P3 of frame 7 and C1 = C2, the

fields H1 and H2 are opposing in direction.

Voltage U1 is proportional to H1 , therefore, a slight variation of

rl distance due to stretching or bending of the cable, the temperature

effect on carrying construction vary the H1 and U1 intensities (there are

either pseudoanomalies or distortions of true anomalies). However, if H2
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and H1 are opposing, and U2 and U1 are in phase opposition and vary to

the same extent with rl variations, errors of this type could be eliminated.

If r1 and r2 values are high in comparison with the difference

between them, rl variation is associated with equal variation of r2 . If

rl variation is caused exclusively by the elongation of the cable, the

r1 and r2 values vary practically similarly.

In order that the U1 and U2 values would vary similarly, the

following condition should be satisfied.

H1 dH1 d2 (XI. 14)
dr dr2

1  2

i.e.

-3C1Mlrl4 = 3C2M2r24 . (XI. 15)

Substituting in equation (XI. 15) the H1 and H2 values according

to formula (XI.12), we get

-1  -1
-H lrl = H2r2

Therefore,

H2  2 (XI. 16)
H - r

2 2  (xI. 17)

U1  r1

Thus, from equation (XI. 15) it follows that the magnetic moment

of compensating frame 7 will be

Cr2
S 12

2 C2r I
21

and since C1 = C2'
= r

M2 = 1 . (XI . 18)

1
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The field of compensating frame 7 reduces the effective intensity

of the primary field from the energizing frame 5, but the higher accuracy

in measuring of the anomalous field warrants this loss. For instance, if

r2 = 0.8 rl, H2 = -0.8H1, the primary field H1 and the compensating

field H2 generate in the receiving frame the resultant field signal, the

intensity of which H1 + H2 = 0.2H1 .

In the ore body, which is practically at the same distance from the

energizing frame 5 and compensating frame 7, occurs generation of the

magnetic field, the intensity of which

0,8rI 4
M1 + M2 = M- rl )1 4 = 0,5904 M1 . (XI. 19)

The subsequent electric compensation of the primary signal in the

measuring unit considerably increases the sensitivity of the set-up to

field anomalies.

A diagram of another set-up, for which the above terms and

deductions hold true, is shown in Fig. 207. The receiving frame with

a vertical axis is placed at point P2. If the frame is in the gondola,

it may shift in relation to the energizing frame (dipole), located at

point Pl, i.e., approach point P2 . This angular shifting is less reflected

in measuring results in the presence of the compensating frame, located at

point P. If the field density at point P2' increases the increment of the

signal in the receiving frame, generated by the primary field, gets

compensated by the increment of the signal, generated by the compensating

field of frame 7. The effect of angular shifting is more noticeable when

the M moments of the energizing and compensating frames are not opposing

and are not directed along a line joining points P1 and P2 (see Fig. 206)
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or if they are neither opposing nor perpendicular to this line (see Fig. 207).

Fig. 207

If the gondola cable is fixed on the plane closer to oscillating

frame 7 than to frame 5, the downward movement of the gondola reduces to

some extent distance rl, whereas distance r2 remains almost unchanged.

This should cause the effect of the primary field H1 to be higher than

the effect of the compensating field H2. However, in the same conditions

angle OI (see Fig. 207) increases faster than angle , as a result of which

the effect of the compensating field is higher than that of the main

primary field.

Similar reasoning holds good also for the case in which the gondola cable

is fixed on the plane closer to frame 5 than to frame 7.

The closer is point P2 to points P1 and P , the greater is the

probability of angular shifting and appearance of pseudosignals due to

the variation of distances rl and r2 and of the angle Of and P . Therefore,

it is desireable that the distance between the main energizing frame and

compensating frame should be small in comparison to distance rl (for

instance, 15 and 90 - 120 m).

It would be possible to reduce the effect of angular shifting of frame

6 vs. The oscillating and compensating frames by the application of three

receiving frames with reciprocally perpendicular axes. In this case, each

receiving frame is sensitive only to one of the fields components,

moreover, the main receiving frame 6 is meant to receive the highest intensity
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component of the primary field, which most often corresponds to the

highest intensity component of the secondary field. Signals from the

three receiving frames get transmitted into the measuring unit through

the quadratic addition system, by means of which the square root is

extracted from the sum of signal squares of each frame. In practice, when

the angular shiftings of the receiving frame are not high (C <100) and

when, for example, component H of summarized field H is high in comparison

with components H and H , it is possible to assume

2 2
H2  H2

H = H + _ + z
x 2 2

By applying compensation frame 7 the effect of induction currents in

the metal parts of the plane also is considerably dampened since the

field of the compensation frame strives to destroy the primary field (in

particular between frames 5 and 7). Therefore, it would be expedient to

set up frames 5 and 7 in the nose and tail parts of the plane.

M - -7' 6

Fig. 208

A diagram of the set-up, which is not affected by distance variation

between the source and receiver of the field, is shown in Fig. 208. Here 4 -

oscillator, 5 oscillating frame, 6 - main receiving frame; 7' - compensating

receiving frame. The signals from frames 6 and 7', cutin in opposition, are

delivered through amplifier 8 along the cable 3 into the measuring unit 9.

Frames 5-7' are set up on one horizontal axis. Here, as was the case in

the first scheme, variations of voltage U1, caused by variation of rl, get
dU 1 dUcompensated by equal variations of voltage U in frame 7', if =

U2  r2  2 dr dr2i.e. = - .- U1 rI
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To obtain the best results, each receiving frame should be

replaced by three frames with reciprocally perpendicular axes. It is desire-

able that with this scheme of compensation the measuring unit would permit

recording separately the active and reactive components of the residual

signal.

It should be mentioned that the motion of gondola up and down vs. the

plane is less probable, if the gondola is at the same elevation as the

plane and has wings, which are set up so as to obtain variable and

adjustable angle of attack. But if the gondola flies at an altitude

different to the plane, the frames 5-7 (5-7') should be so set up that

their axes would be in vertical plane and, moreover, they should be

colinear or perpendicular to the line passing through their centres

(points P 1-P3 in Fig. 206).

14. The main conclusions and recommendations for the compensation of

primary fields and signals.

The analysis of the simple methods of electric compensation of the

primary field signal shows that in the real conditions of geophysical

survey not one of them is capable of excluding completely the effect of

variation of the geometry of the system. Only in the case of non-polarised

primary field, regardless of the system adopted, increments of the

primary signal from disrupted geometry of the system have no effect on the

reactive component of the measured signal. The more composite schematic

resolution in the first simple method of compensation (application of

phase-sensitive voltmeter) says for itself by the increased stability of

the components measuring channel against noise:.

Therefore, when using the simple methods of electric compensation

the most acceptable measurable parameter, reflecting in its entirety the

varittions of the useful signal, is the reactive component of the

decompensation signal. This component should be recorded in the apparatus
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of the induction aeromethod, meant for geophysical mapping. With the

measuring of the reactive component , the stability of the measuring

unit against noise increases. In the search for purely ore objects,

the active component should also be measured.

The composite methods of electric compensation, like the induction

aeromethods of the second class, are applicable in relative geophysical

determinations. The second of these methods eliminates the effect of

the variation of the geometry of the system and may be applied in

elliptical polarization of the primary field (caused by the metal mass of

the plane). The first and third methods considerably reduce the effect of

variations of the geometry of the system only with the linear polarization

of the primary field. The third method, as the simplest and most rational,

may be recommended for practical application.

Appropriate parameters of the AGC system and its components, in

particular the adjustable amplifier, are selected in relation to the

magnitude of the input signal and its variations. Therefore, the functional

system of the third method could be applied for the compensating systems

of the apparatus in various versions of the induction aeromethod, where

the oscillating and receiving frame are combined, i.e., when the variations

of the geometry of the system are negligible. In this case, a deep and

stable compensation of the direct signal is quite assured.

Every system of the composite method of compensation permit recording

(the intensity and phase variations of unbalance signal, caused by the

varying signal of the resultant field due to variations of the secondary

field signal). However, in the third system of the composite compensation

method, the amplitude of unbalance voltage even with comparatively high

variation of the primary signal differs relatively little (by about 20)

from the amplitude of the secondary field signal. Therefore, the
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determination of the amplitude parameter, i.e., the amplitude of the

unbalance signal, substantially increases the resolving power of the

induction aero method with the bumping of the gondola; while the determi-

nation of the unbalance signal phase shift in this system is Lnexpedient.

If the set-up of the induction aeromethod provides for the use of t he

outboard gondola, which moves along the same flight line as the plane,

geometry application of compensating sources and receivers of the field

should be made for the exclusion of the effect caused by the variation of

the initial sbt-up. The additional electric compensation of the primary

signal in this set-up should be carried out by the first simple or the

third composite method.

F' o
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CHAPT. XII - RECORDING OF EASUABLE PAfrAIETRS

1. Iethods and systems of parameter recording,

Uptil now the out ut quantity to be recorded in 
the apparatus of aerial

electric prospecting is invariably the voltage (current) at 
the output of the

measuring system. Therefore, the most popular recording devices 
are the

recording galvanometers of various types and the systems of follow-up 
contact

transformatio4 - automatic potentiometers (in USSR - galvanometers SG-17,

SK-100, po/ entiometers aE--O1, EPP-09, PS-1-01, etc., in other countries-

devices "Brash", "Sunborn", "Gulf").

The output quantities of recorders are usually marked as a segment 
of

a straight line or a section of the arc of a circumference. For the determination

of numerical values of the measured parameters it is naturally necessary to

read off or to process the obtained results. EIore convenient in form 
are the

results of recording in the shape of curves on the diagram tapes*. 
The

diagram is a document, on the basis of which it is 
possible to judge the

correctness of the operator's actions and also of the good working 
order of

the apparatus itself.

The recorder consists of two main parts-the recording element and 
the

carrier. The recording element activates the carrier, leaving on it signs

(symbols) of recording, showing the measured quantity. 
The methods of

activation of the carrier by the recording element could vary and they are

frequently defined as recording methods. The following 
three methods of

recording are used in aerial electric prospecting.

The first method - the recording is by pencil, ink or printing. The

most popular is ink; the carrier is the paper.

Second method (less popular) - electric sparking, electrochemical

method, magnetic recording, electronic rays, etc. are applied

*Similar recorders are denoted in literature as the analogue type. Another type

of recorders wridely applied in technique are digital recording devices (50, 164,

205).



- 548 -

In the third method recording is on paper, covered by a layer of

wax, soot , etc. This method is also applied in aerial electric prospecting

in other countries.

The recording is either single-channel or multichannel. The natural

result of the non-availability of standard special multi-channel recorders

is that the apparatus of almost all methods of aerial electric prospecting

has its own specific multichannel* recorders or single-channel recorders,

converted into several channels**. The principles of their operation and

construction characteristics are described in (5, 263) and in other works.

The most popular in aerial electric prospecting are the recorders of

complex quantities (RCQ), erected-on the basis of phase discriminating

detection (ID) (94).

Key to, Figure 209: -~--' mp... arbKOM- Combined;
a, nborders 8nerf Hb nruu f, Rectangul ar; \r 60 s a3e 3o m8u - W ect

bi-blex va ues menjax.emenNrpo g, With direct

'on the bas'is of recording;
'phase-sens'itiv b c h, Using compensating

etectors; B cucmeme cnocody pezucm- method of measure-
b, h system bf noopduanom iubx 8 ee- ment;

coordinates; f i, Using quasicompen-
c, Exp.ss . e cpe cpue.es MeeM satory method of/

by meaI ,f hAonlpnoai HouH MOymabHOu mOe U ,, measurement..-
recording ., .. .IMeu

the measured
values;. Fig 209

d, Polar Fig. 209

If all the RCQ executed on the FHD phase and applied in electric

prospecting were classified (94) according to their coordinates or the

recording method of measurable quantity (Fig. 209), operation of the

analysis of RCQ systems would be considerably simplified. In the present

case, the method of direct estimation assumes direct measuring and recording

*In standard recorders of the follower type the reconstruction is usually of

direct current amplifiers with mixers, slid resistance are rewound, imprinting

mechanisms of the measuring range, time breaks, bench marks on profiles, etc.

are added.
**For instance by combining two or three recorders of SG-17 type (234).

***Compensation measurements, which are the measuring principles of the

recorders themselves, are not taken into account.
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at the FHD output***; compensation method - compensation of the measurable

quantity at the HD input; quasicompensation - compensation of one of the

quantities upto a certain constant value, for instance, 
compensation of the

phase at the !HD input - 900 by means of the follower phase shifter (88,

94). The systems of FHD, the properties of which were discussed in 
detail in

para 4 of chapt. X, make it possible to measure and record investigation

parameters in the rectangular and polar coordinates. The systems of recorders,

executed on the FHD base permit the carrying out of recording in combined

system of coordinates (rectangular and polar, simultaneously) (89).

Fig. 210 Fig. 211

The RCQ systems are composed of the following nodes: the phase-

discriminating detector, LF filters, the source of stabilized voltage (ISN),

the amplifier with mixing (UP), the reversive motor (il) with reducer (R).

The operating principle of the RC(Q systems can be illustrated by two examples.

Fig. 210 shows the block diagram of the recorder, meant for the recording of

components by direct reading at the FHD output. Voltage,AU 
at the output of

FHD gets recorded by means of the follow-up system in the 
automatic compensator

of the direct current. For this, the voltage AU is prefiltered in FHD and

fed as voltage AU' to the circuit of the amplifier with mixing UP, at the

input of which the compensating voltage Uk from the ISN arrives simultaneously.

Difference AUk - U , transformed into variable voltage, gets amplified in

UP and controls the rotation of the reversive motor until the difference is

reduced to almost zero level. In this way the recording itself of A U voltage
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is carried out by the compensation method.

The phase recorder operates in the following way by the quasicompensation

method (Fig. 211). 6U voltage, appearing due to the phase shift between

signals Ur and U , passes through FHD, gets transformed into variable voltage

and, amplifying in the UP block, rotates the reversive motor. The slid

resistance in the system of even phase shifter F rotetes until the phase shift

of Ut and U volta es at the input will be 900 (Ab=o).

IE fl-A(P) W-2 n-m

A ---

I--.,,----.

Fig. 212 Fig. 213

Thus, it may be assumed that the main proble; of the follow-up system

of the recorder is the r&eduction of vectors at the FHD input to a phase

shift of 900 by means of the even graduated phase shifter.

Recorders in rectangular coordinates. Fig. 212 shows the block diagram

of RCQ of the active and reactive components by the direct estimation method.

The recorder P-A (R) records, respectively, either the active or reactive

components. The phase shift at 900 is carried out by means of phase inverter F.

Recorders in polar coordinates. The quasicompensation method of recording

in polar coordinates is illustrated by the block diagram shown in Fig. 213.

The task of the follow-up system of the phasemeter P- T is to provide at any

moment at the FED- 9 phase shift between Ut and U' voltages of 900. The

necessary condition for normal operation of the amplitude recorder P-M is

to provide at any moment by means of additional 900 phase shifter, F-2

zero phase shift between vectors of the measured Uc and the comparative UBO

signals at the HiD-C input. This is almost always assured during the
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operation of the follow-up system of the phase recorder P- P except at

moments of very quick time variations of the phase, which are 
too fast

for the follow up system of the phase recorder.

Recorders in combined system of coordinates. The block diagram 
of RCQ

by direct estimation is shown in Fig. 214. The active component 
of U signal

is measured and recorded at the out-put of 4D-A by means of recorder P-A(4)

in position A of switch P-1. The reactive component 
of Ut signal is measured and

recorded at the output of FHD-R by means of recorder P-R( £ ) in position R

of switch P-2. The phase shift of 900 at YHD-R is provided by the phase shifter

F-1. Simultaneously signals at the output of FHD-A and FHD-R are transformed by

two transformers Pr-1 and Pr-2, on frequency F of generator h of rectangular

pulses. Signals, obtained as a result of this 
transformation, arrive at the

circuit of quadratic summation SS (55), at the output of which is the cut-in

amplifier, selective on frequency F (IU).

In work (53) it is shown that in this circuit the signal 
at the output of

detector D, connected after IU, is directly proportional to 
the amplitude of

measured signal Ut. Therefore, in the position NI of switch 
P-l, recorder

F-A(1) can record the amplitude. The phase is recorded by phase 
recorder P-R(O ),

constructed on FHD-~) base with both the signals being limited 
by means of

limiters 0 type at its inputs. In the position Oof switch P-2, the 
recording

is of phase angle .
A

IP'1l-P fp-2 P

PHc. 214.

Fig. 214
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2. Properties of RCQ of quasicompensation method of measurinP.

The block diagram of the phase recorder by the quasicompensation method

of measuring is shown. in Fig. 215. The quality of the recorder is clearly

defined in the analysis of its follow-up system with the actual curves on

linear model (88, 89)*. Here are equations of individual units of the system:

U = CUc ; (XII. 1)

(T2P2 + TP + 1) U = U; (XII. la)

Uy = K U ; (XII. lb)

P(T 1 + 1) Q t = K U ; (XII. 1c)

Q (XII. Id)

(XII. le)

where U - the voltag.e at the FHD output; C - the factor of FPHD parameters;

= f- e, with low displacement angles - +~- 2

(also T4 ) - the time constants of transmitting function A (r) of FED,

determin-able from filter parameters, sec; T2 = T1 T4 - the product of time

constants, sec 2 ; Uf - the voltage at the output of LF filter; Ky U - the

amplification factor and voltage,respectively at the output of 
the amplifier

with mixing; T, - the electromechanical constant of motor; Q - the angular

shifting of motor; i - the reduction factor of the reducer ; Q o- the anglar

shifting of the reducer's outlet axis; Kc - the proportionality factor of

phase inverter.

*In the deduction Irdifferential equation for reversible motor it is assumed

that the system's moment of resistance reduced to the shaft is not present and

that the value of the electromechanical time constant of motor T accounts for

the moments of inertia of motor and pulley. In the deduction of LF filter

equation it is assumed that the filter consists of two r -shaped C-chains which

are used in the real systems of these phase recorders and has time constant

T = RIC, Tr R2C2 (90, 93).
11 4~ 22
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On the basis of the individual units equations (XII. 1 - XII. le)

we may write the typical equation of a closed system

T T2 P
4 + ( 1  + T) 3 + (T1 + )  2 + P + K = . (I. 2)

Here

KdK C
K = = KU c , (II. 3)1 Kpi c c

where

K KC
K = , Y 3a)
o KCpi

From formula (AII.3) it follows that the behavior of the preceding

system depends on the level of the measured signal U . With its values determined,

the linearized system (see Fig. 215) could be stable, neutral or unstable. The

stability limit of the system's parameters should be determined from Gurvitch

criteriu (135):

A3 = (T1T 2 + T 2 )(T 1 + T) - T 2T1 - K1(T1TM + T 2 )2 > O, (XII.4)

where A 3 - third determinant of the typical equation (XII.2).

04

(Oc ' U U C(p)

Fig. 215.

In accordance with formula (XII.4), the ultimate amplification factor

of the system

K1 = oUc (xII.5)

For the real system of the recorder, in which value K is determined
0
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from formula (XII.5), the ultimate value of factor Kldepends on the level of

the measured signal U . With a certain value of the signal (UcU v-) the system

is found to be unstable, as a result of which the normal operation of the

phase recorder becomes disrupted.

It can also be shown that with the reduction of the signal Uc below a

certain level, the errors of phase recording increase sharply within the

system and: its dynamic characteristics, on the whole, deteriorate. However,

having compared the curves Kl e obtained in the phase recorder by the

quasicompensation method with curves, the determining behavior of the

follow-up system of the second order vs. the variation of its parameters,

we note that the variation of the signal U. is equivalent to the variationc

of the relative damping coefficient E in this system (see para 6, chapter

XIII).*

In these conditions, the relative damping coefficient becomes dependent

on the signal U and may vary from very low (at U- Uc ) to very high

(at U--- 0). The feature of RCQ has a definite value in phase recording.
c

In the usual two-channel phase recorders (43), in the absence of one of the

signals ( measured Uc or comparative UcT, there is no stable indication of

a device. In the present case, the system is neutral in the absence of the

signal Uc and is in stable condition.

Thus, in the planning of phase recorders by the quasicompensation method

of measuring, the parameters of the recorder's system should be so selected

that the RCQ error, with the measuring of the phase within the amplitude

variation range of the signal Uc , would be reduced to the permissible quantity.

L16 P -2 I +T3P B (P)

c

p q.4.np 4I

S AU OH-p Up I

PNc. 216.

Fig.216

* The relative coefficient of damping En= n depends on the damping coefficier
n of the system and on the natural frequencyWo of undamped oscillations of this
systemLOo; the latter is directly ±elated to U variations.

to c
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If the characteristic of the damping factor vs. UC level does not

for some reason meet the requirements of imposed problems and has 
to be

reduced to the minimum, method described in (86,88) is sometimes applied.

In this method, the use is made of the automatic gain control system

"AGC-advance", which varies the amplification factor Ky of the amplifier

in accordance with the level of variations of the signal U.; and,as a result,

the common amplification factor of the system varies very little. The

diagram of the phase recorder in the quasicompensation 
method is shown in

Fig. 216. The operation of the recorder itself is very little different 
from

that of the system in Fig. 215.

The "AGC-advance" system consisting of the amplifier-rectifier UV and

LF filter YiH-2, controls the first tube on the amplifier U by means of

rectified and filtered voltage Ep. The necessary filtering of the high

harmonics of signals after rectification in executed by the single-section

RC-filter of low frequencies TNH-2. The intensity of voltage fEp is so estimated

that with low values of the signal Ut= Ur..$te total amplification factor of

the amplifier would be the maximum, and with high values of the signal UCim

the minimum.

I \EP

EP EpMax

Fig. 217.

The variation curve of the amplification factor Ky, under the

effect of signal Df, proportional to Ut, is shown in Fig. 217. With

variations of UWgfrom U ( E f ).to U (E ), this recorder has a uniform

sensitivity to the phase. The dynamic range of the signal U0 depends on

the type of applied AGC system and on the mode of operation of the LF filter
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em (199).

Let us analyzd the properties of RCQ with AGC system. We assume the main

tolerance to be the same as in the system in Fig.215. But in deducting the

equation of FNH-2, we assume that it consists of single-section -shaped

RC-filter:

(T3P + 1) E = UB; UB = aUc
(II.6)

U = KU ; U =KU
y y tp np npc .

The characteristics of K factor vs. voltage with the account of the

curve in Fig.217 could be given as

K = K1
y o

bE
op

where Ki - the maximum amplification factor of amplifier at Ep Ep.min;
o -1

b - the coefficient accounting for parameters of AGC system, v
o

By resolving the equation series (XII.6), we get typical equation of

a closed system as

TT 2p4 + ( TT1 + T 2 ) p3 + ( T1 + TM)p 2 + (1 + K2T 3 )P + K2 = 0. (XII.6a)

where CK Kl K
K = 0 y

From formula (XII.6a) it follows that the coefficient K2 is theoretically

independent of the U level of the signal. Therefore, in the assumed variation

range of Uc, there is no relation between the recorder's sensitivity in the

phase and the level of measurable signal.

Attention should also be paid to newly appearing characteristic of RCQ

vs. time constant T3 of the AGC circuit. In formula (XII.6a) coefficient

(1+K2 T 3 ) at p, determines, as we know, damping of the system. Therefore, the

presence of parameter T3 , the value of which may be varied, permits adjusting

within certain limits, the system's dynamics. This means that in a system with

AGC stability, reserves could always be made higher than in a system without

However, in the presence of quick, sharp variations of U& voltage as a

result of the action of interference on the preceding system of the phase

recorder, the parameter characteristic of AGC circuit vs. T3 leads to an
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undesirable happening, called "distortion of the envelope", i.e., in the

presence of a certain level of noise, similar in frequency to the signal

U at YB (AGC)innut, or with quick amplitude variation of the signal itself

the signals "envelope" aprears kt the AGC system, for instance, with the

frequency beat of the signal due to noise, which has passed through the LF filter

FIU-2. As a result the coefficient K of the amplifier Y varies under the

effect of the "envelope" which in turn may distort the results of phase

measuring and recording. In adverse conditions, this happening may completely

disrupt the normal activity of the phase recorder.

3. Recording devices on galvanometer base.

The recorders made in the USSR SG-17, SK-100 and those made in other

countries by "Brash" firm ABaM, etc. are devices which permit the recording

in ink on paper tape the time variations of the electric current. The Soviet

recorders (SG-17, SK-100) are single-track, those of foreign made are

invariably multi-track. For instance, the recorder of ABEM firm has five

recording channels (tracks) and one channel for making the position of the

plane (Fig.218) (5). This galvanometric type of recorder writes with a

heated rod on paper, covered with wax.

Fig.218

Let us analyse the recorders SG-17 and SlO-100, used sometimes in the

Soviet apparatus of aerial electric prospecting (123, 234). The recorder

SG-17 consists of tape mechanism with table, an electric motor with reducer,
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a galvanometer with a pen and ink pot, stamp mechanism 
and other fine

details (Fig. 219). The record chart of this device is curvilinear. With

denergized galvanometer, the recorder pen is in the middle position.

Complete deviation of the pen to the left or right 
takes place at current

0.5 ma. The resistance of the galvanometer frame 2800 ohm 
( 5S), critical

resistance about 11 k-ohm.

The electric motor of tape mechanism is energized by direct 
current of

about 100 ma at voltage 24 v, supplied directly by the network 
of the

aircraft. By means of speed-switch, the reducer provides tape speed 
1.8 or

5.4 m (t 200). The recorder is equipped with a printer, which perwlits plotting

on paper tape digits from "00" to "99" at every digit with delivery of

external control pulse of direct current 1.8 a with voltage of pulse 
source

24 v. The weight of the recorder is about 10 kg. The electric 
connection of

the recorder with measuring unit and energizing device is through 
a common

plug socket (SHP-50).

R +M

0 ,5- -0,5 mA

Fig. 219.

The recorder SK-100 (Fig. 220) has the same nodes as the recorder SG-17,

but, in contrast to the latter, it has a mechanism which 
transforms the

curvilinear motion of the pen into rectilinear. This permits recording the

parameter in rectangular coordinates. Non-linearity 
of recording does not

exceed + 1%.

The reducer of tpe mechanism is activated from the external mechanical

drive or from its omwn electric motor of 5 watts, fed from the network of

direct current 12 v. The width of recording is upto 100 mm. The 
needle of



the recording galvanometer in de-energized condition is in the extreme

left-hand position. The total deviation current of the galvanometer is

5 ma, the frame resistance 3000 (± 100) ohm, the recording error 2.5%.

The tape speed 1;2;5 and 20 mm during one revolution of the input shaft.

The speed is changed over by a special switch of the reducer.

r

o o 2 +

R2 )lp,2a

Fig. 220. Fig. 221.

The recorder is provided with an electromagnetic marker, which makes

it possible by means of a special pen to plot on the tape marks in the

form of dashes (Fig. 221) with each individual pulse of direct current.

The operating voltage of marker 12 v, the winding resistivity of electromagnet

250 (± 10) ohm. All the energizing voltages on the recorder are fed through

two plug sockets (SiR-54, SHR-55); the energy supply to the electric motor

could be taken directly from the energy network of the aircraft.



The use of the recorders SG-17 and SK-100 in flying conditions has

shown insufficient stability of the writing device with open capillary

recording with ink.

4. Recorders of compensation type.

Automatic bridges end potentiometers of direct current 
kSl-01, PS1-O1

are frequently applied in the Soviet apparatus of aerial electric 
prospecting

as direct recorders of the compensation type. The principle 
of the

compensation method is that the measuring voltage 
is apposite to the voltage drop

at a certain known resistance (slid resistance). The system of compensation

type recorder consists of the follow-up system, 
which includes direct

voltage changer (of discrepancy voltage) into variable, electronic 
amplifier,

reversible motor, slid resistance and direct recording system.

In the apparatus of aerial electric prospecting, the measuring is

generally of several parameters of the perceptible signal. 
Therefore,

although the systems of recording are practically identical, 
their

matching with the measuring systems is effected by different 
methods. And

this demands unification of the multiple nodes of the 
follow-up system.

But the measurable signal converting networks depend, 
as we know, on the

type of outputs in devices for measuring the 
preset quantities. For

instance, the output network of the device for measuring 
the amplitude

(modulus) of the measurable signal (see Fig. 129) is asymmetric in

relation to the ground, whereas the output networks of the 
phasemeter

(see Fig. 140) and components meter (see Fig. 148) 
are symmetrical.

Besides, some output networks (for instance, outputs of trigger phasemeters)

are under high potential in relation to the ground, and others (for

instance, the outputs of modulus and components meters) under low. Due

to this, the networks, which convert direct voltage into variable voltage

are planned for at least two types of outputs in the measuring systems
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of recordable quantities - symmetric and asymmetric with an estimate of

the specifics pointed out in the output potentials of the networks.

It is also necessary to take into account the requirements of

providing control of the time constant (frequency transmission band) of

the recording system, which determines the noise-proof quality of the

measuring system as a whole and the speed of the pen from an extreme

position to another. Adjustment of the time constant can be effected by

the RC-filter through the variation of quantity of one of its elements

(for instance, active resistance) and by other methods.

Let us analyze concrete networks for the conversion of direct

voltage into variable, as applied in the recording systems.

Converting network for asymmetric output of measuring systems (for

instance, module recording) is shown in Fig.. 222. Connection of the

network with the measuring circuit of the vacuum tube voltmeter does not

affect indication by the device, since the network has sufficiently high

input resistance. For the adjustment of the time constant, the network is

provided with change-over switch P of R1- 5 and R'l-5 resistances of the

three-section RC-filter.

The capacitance of condensers C -C3 is the same (4 mF). The values of

filter resistances are selected keeping in view the possible variation of

the time constant, for instance 1; 1.5; 2; 3 and 4 times in comparison

with the natural time constant of the recorder.

After the filter, the recordable signal is compared in intensity with

the voltage drop at the section of slid resistance Rp (by means of relay

contact RP-4). The voltage unbalance through the condenser C4 is fed to

the electronic amplifier circuit of the recorder's follow-up system.
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8 n t+E
S5 C 5 R3 Ky

cunu- b, Key to Figure 222:,

a 3 R s 3 -5 4 a, To measurement

KM 1 1 R C5s circuit;

o, c = j C 1 c b, To amplifier.'

Fig. 222.

The condenser C5 elininates affecting the amplifier's operation of

voltage overshot during the change-over of the contact RP-4. Slid resistance

R energizes from the source of stabilized voltage + E through the demping

resistance R 3, made of manganin with error not over 0.5;i.

" .Cs Key 'to Figure 223:
o-R - 14, 6'Ri a, To measurement

a 3M- _- I I Li--p C/ce b b, To amplifier.'
a / q

cxee L---- j 3  Tp

Fig. 223.

Converting circuit for symmetrical output of measuring systems. For

recording the phase, the active or reactive components, their sum or

difference on two frequencies (see paras 6,7 of chvpter X) the network for

converting direct voltage into variable (Fig. 223) is utilized.

The time constant is udjusted similarly with the above network. The

condensers Cl - C3 of the IRC-filter hcve capacitance 10 mF. 4ith lower
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capacitances, it is necessa.ry to increase the resistance of the filter,

which is undesirable due to higher pickup by them of external inductions

in two-frequency operations.

To obtain an asymmetric: transformer of converting network, in

relation to the ground output, Tr is cut in at its output. The signal from

the secondaryj winding of the transformer is delivered through condenser

C4 to the electronic amplifier of the recorder.

For recording the survey altitude, the application is of slightly

modified converting network. Radio-altimeters applied for the determination

of flight altitude, generally have relatively high-ohmic input with a high

time constant. As a rule, at the output terminals of the altitude indiczator

there is a constant potential, differing generally for each individual

device. The radio-altimeter RV-2 with indicator PRV-46 may serve as an

example of this altimeter. Fig. 224 shows one of the possible converting

networks, meant for connecting with indicator PRV-46., The input circuit of

the converter consists of high-ohmic circuit of device A (set up directly

in the apparatus of aerial electric prospecting) for visual control of the

plane's flight altitude h and high-ohmic divider R2-R5 . The input of the

converter is connected with indicator PRV-46 of radio-altimeter RV-2.

ig. m l y tFigure 224:1

/ 300ma, Input from
aH PRV-46;

R4 RP b, To' gid of tube,
R3 fR- PC cy L1.

a 

L1A RR 5 R

Fig. 224.
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The control of the time constant in the altitude recorder is

inexpedient due to the considerably natural time constant of RV-2;

therefore, there is no input filter in the recording system. The range

of recordable altitudes is changed by switch P. The signal.to be

recorded is comparcd, after the divider R2 , R3 , with the voltage drop

on slid resistance R by means of relay contact RP-4. Voltage unbalance

is fed through condenser C4 to the recording amplifier for further

processing by the follow-up system.

The needle of the indicator PRV-46 is adjusted at zero with initial

current I of the altimeter directly at the indicator. Resistance R 2o

serves for the zero adjustment of indicator A in the altitude recording

system and, for the compensating voltage, generated by the initial current,

resistances R10 and R11 respectively are cut in to the system for each of

the adopted aznges of the recordable altitudes. The slid resistance is

energized by the stabilized direct voltage from source E.

To eliminate noises, which may appear during the change-over of the

relay contact, and to distort considerably the useful signal, T-shaped RC-

filters R6 , C1,  7 , and R , C2 , R . Semi-conductive triods, instead of

polarized relay, could be applied in this system a converter of direct

voltage into variable voltage.

An important element of any follow-up system is the electronic amplifier.

Amplification of the signal to be recorded is done in two stages: at first

the voltage is amplified upto the intensity required for the controlling

tubes of the power amplifier, then the signal power is brought up by

output stage to intensity, sufficient for controlling reversible motor of

recorder's follow-up system.

Ihen working out recording systems for the unifying follow-up systems
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of recorders it would be advantageous to use the same type of amplifier,

which could be made up on electronic tubes, semi-conductive or magnetic

elements. An example of this are the A;LI-2, A,'RA-2, etc. In this apparatus

the voltage amplifier is of three-stages (tubes 6N2P) with push-pull power

amplifier (tubes 6P14P) (see Fig. 141, 143).

To generate the local reverse feedback on the current in the cathode

circuit of tubes L12 and L13 connection of resistances R1 5 2 , R1 5 5' R1 60

is made. Coupling between stages is effected through variable condensers

C82, C85, C 90 The adjustable resistance R151 controls the amplification

factor of the voltage amplifier. The second eand subsequent stages are

encompased by a ring-shaped reverse feedback on voltage, which is taken

off the adjustable resistance R1 6 7 and fed into the cathode circuit of the

tube L12 second half. The same resistance controls the amount of the

reverse feedback and the extent of stability of the system.

On the right half of tube L13 is assembled the phase-invertor for

energizing the push-pull output stage (L1 4 , L15) of poaer amplifier with

output transformer Tp3 , voltage from which is fed to the winding of the

reversible motor. Condenser C89 tunes the secondary winding of TP3 to

the main frequency of conversion, and the penetration of high haruonics

current into the winding of the motor gets considerably dampened.

The output voltage of the amplifier, when there is unbalance,

rotates reversible motor RD-09 of the recorder, which shifts on the

slid resistance R to a position of matching, i.e., to the moment of

parity between voltages arriving from the measuring system and taken off

the slid resistance Rp . Thus, each value of the signal, taken off the output
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of the measuring system, corresponds to a certain position of the

slid resistance and mechanically coupled with it, carriage with

indicator and writer.

Stable work of the opercting system is assured by bringing in the

feedback on the variation speed of mismatching. The speed of the carriage

cannot change immediately after an instanteneous change of the torque

(from action of mismatching signal) as due to inertia of movable parts it

decreases gradually. At the time when the motor shifts the slid resistance

to the position of matching,the speed may not be exactly zero. Then under

the effect of intertial forces the mobile system will continue its motion

and the cursor of slid resistance will by pass the position of equilibrium.

The unbalance voltage induced by this builds up a reverse torque of the

motor, i.e., its reverse stroke. This oscillating motion will continue until

kinetic energy, reserved in the mobile parts, is not totally consumed for

overcoming the moments of friction and inertial forces.

To ensure quick damping of the mobile system on its approach to a

position of equilibrium, there is feedback in the amplifier on the speed

of mismatching variation, which could be implemented by feeding part of the

reaction voltage of the motor's armature into one of the voltage amplifier

stages (for instance, in a system with a separate tacheogenerator DID-0.5).

In this case, when approaching the position of equilibrium, the reversible

motor will slow down its movement.

5. Constructive design of the recorder of complex quantities of

compensation tyve with follow-un system.

Automatic compensators (bridges) PS1-O1, EPP-09, MS1-01, of serial

production, have become increasingly popular during the last few years in

the Soviet apperatus of aerial electric prospecting. For use in this type
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of prospecting, certain reconstruction of the mechanical part of these

devices has to be made.

The application of the conversion circuit with identical output

makes it possible to unify the recordihg devices almost completely. Let

us take, for example, the unified recorder of measurable parameters, used

in AjRI-2 apparatus.

Recorders, set up in compartments of the measuring group cabinet (one

with a closed front panel, the other with removed), are shown in Fig. 225.

The general view of the recorder, removed from the compartment of the

cabinet, is shown in Fig. 226, a (front with open tape mechanism), 226, b

(the top), 226, c (back).

Fig. 225

The following are the main parts of the recorder: rotating cantilever,

reversible motor with slid resistance, synchronous motor with reducer, tape

mechanism, writer (carriage with automatic pen), printer, control board,

cover with hinged glazed door.



Fig. 226 a. Fig. 226 b.

The rotating standard cantilever, on which all nodes and details

are set up, is fixed in the cabinet's compartment by clasp joints. With

removed cover, the recorder can be turned around the axle at an angle

over 1350; this makes it easy to check all the details set up on it. The

recorder is fixed in the compartment by a catch with lever, fitted on the

right hand side of the main cantilever. A second cantilever also standard,

with tape mechanism is fixed on clasps to the front portion of the main
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cantilever. At the top of the latter, the writer and electromagnets of

the printer (see para 1 of chapter XIV) and details for transporting

the transfer tape and control panel are arranged. Set up within the hollow

space of cantilever are the synchronous motor with reducer, reversible

motor RD-09, slid resistance and kinematic elements, by means of which the

motion is transmitted from the motor to slid resistcnce curser and to the

carriage. The reducer provides two tape speeds - 3 and 6 m/hr. The speed

is changed over on the control panel.

The controls of the recorder and printers are set up on the control

panel. The face of the panel contains the following controls: on the left-

the change-over switch of recording limits in the middle - the change-over

switch of tape speed; on the right- the change-over switch of indicator •

numbers, tumbler for commutation of time markers (measuring limits) and

guiding lines for their automatic remote printing or by hand with knobs

set up on the same panel; tumbler for cut-in of the system for recording

the measurable parameter. Fitted on the panel are signal bulbs (with glass

light filters) to indicate the printing of marks. On the inside of the

panel are the piston electromagnets for remote switch-over of mechanisms

for marking guiding lines, time marks (limits). The composition of

mechanisms includes printing wheels with numbers (indices) of limits and

guides.

The recorder cover is removable and has a hinged glass door for continous

observing of recording and putting in, if necessary, remarks on the chart

during the recording of operation. On the right-hand side of the cover is

a handle with a built-in lock.

6. Ilarking circuit of time breaks, measuring limits and guide lines.

In multirange measuring in aerial electric prospecting, it is
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sometimes convenient and more often necessary to mark on the charts the

numbers of measuring ranges at their cypher. Due to the irregular speed of

the tape it is very convenient to use a time marker. For tying the'

results of the survey to the locality on diagrams, prominent features should

be marked on topography. There is quite a number of systems, which carry

out these functions and their choice depends mostly on the constructor's

whim. As an example, let us make the circuit markinp guides, time breaks

and measuring ranges, implemented in PA.I-2 apparatus (Fig. 227).

Time breaks could be fed to printers both from the inner mark generator

and from the aerial photo-camera. Time breaks from the inner generator are

fed in the following way. Relay P4 closes the circuit of intermediate relay

Pl' which, while operating, cuts in by its contacts voltage 
of board power

supply network + 26.5 v to busbar SH-1. Relay P1 itself is energized from

the same source. Voltage from busbar SH-1 through tumbler k 3(Bk ', Bk "),

which connects the time (range) marker of recorders, is delivered through

normally closed contacts Khl(Khl, Kn",...) to the windings of printers

electromagnets. Connected parallel to the electromagnet windings are

signal bulbs L1 (LI, ... ).

Voltage + 26.5v is put in from busbar SH-IV by means of knobs

Kn (Kn1, Kn 2 ,...) to the windings of electromagnets A (MI-~1, iL2,...) in

printers, which makes it possible for the operator to put marks by hand

directly on the recorders.

Switch Bk2 enables delivery to ralay P1 of control voltage into the

circuit of time breaks (ranges) from the inner generator, as well as from

the aerial photo-camera. The marking of guides is done either automatically

from the camera (when photographing prominent features), or manually (by

navigator) by means of knob Kn5 from a special control board. Numbers' of
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guides (prominent local features) are switched-over by relay P3, which

is controlled automatically by the camera or manually and also by knob

Kn4 - from navigator control or by knob Kn -directly from the control

panel of the modulus recorder. This automatically changes the number

(index) of the guide.

Tumbler BK5(Bk5,...) cuts in the synchronous motor SD-54 of the

tape mechanism; at the same time, it switches on indicator bulb

L(L2, L,...). Tumbler Bk (Bk ... ) switches on the finishing circuit
2' 2'" 4 4'

or ballast resistance R1 (R1,...) with unoperating recording system to

ensure constent load of the rectifier +300v of' recording amplifier supply,
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CHAPTER XIII - MEASURING ERRORS AND INCREASING ACCURACY
OF MEASURING INSTRUMENTS

1. Classification of errors

One of the most important characteristics of the measuring and

receiving apparatus in any method of aerial electric prospecting is its

practical sensitivity, which determines the ability to detect and measure

weak signals from the conductive objects sought for.

The actual sensitivity depends both on the level of noise, arising

within the receiving system itself, and on the level of interferences,

affecting it from outside. Therefore the real sensitivity of the

receiving apparatus is the sensitivity at which the useful signal at its

output could be reliably detected and measured on the background of

another signal, caused by internal as well as external noises (20, 132).

Since the process of geophysical survey is confined to detecting and

measuring of useful signals from geoelectric irregularities or the ore

bodies, it has its own intrinsic errors just like any other process. The

rela sensitivity of the measuring-receiving apparatus may only be

increased when the origin and the nature of these errors is known and

everything is available for estimating their effect on measuring results

and finding ways and means for their reduction. With the availability of

all required data, a fundamental approach is possible for a rational

resolution of the problem pertaining to increasing noise-stability and

resolving power of the receiving systems, applied in aerial electric

prospecting.

It is possible to point out three main groups of errors,

characteristic of any apparatus used in aerial electric prospecting
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(117): 1) instrument errors; 2) errors of vibration nature and those due

to change in the preset orientation of field receiver, and also errors

caused by the effect of the external sources of noise; 3) methodical and

geological errors.

The resultant error is determined by geometrical summation of its

components:

p I2 2 2 + 00, % (XIII. 1))pe + Y2 + Y 3

where Yl' y2' ~3 - errors of the first, second and third groups

respectively.

Determination of measuring error in conditions of aerial electric

prospecting is extremely difficult. Since the magnitude of -' is determined

by many objective and subjective factors, estimation of its components

would have been most correct by the use of methods of the probability

theory (165). However, for practical purposes it would be sufficient to

determine the resultant error of the method from formula (XIII. 1).

It may be assumed that the relative error of the first group N1 is

inherent to all receiving electronic systems, used in the measuring apparatus

of aerial electric prospecting, and for many versions of the induction

method this error is of approximately the same magnitude. The second and

third groups of errors are also characteristic of the majority of methods

in aerial electric prospecting, though different in magnitude for various

methods.

Each of the three main groups of errors could in turn be divided

according to the type of their source, its characteristic and results of

source effect on the measuring and receiving system.

The first aroup of errors is divisible into static and dynamic errors
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which include the basic and supplementary errors of the apparatus,

errors from the effect of noises, due to microphone sound of input

circuits and fluctuation noises in receiving elements, as well as

dynamic noises of complex quantity recorders (time constants of receiving

and amplifying channel is usually less than the time constants of

recorders).

The second group includes errors caused by the vibration of receiving

elements or receiving systems in the magnetic field of the Earth, incidental
:

changing by field receiver of the preset orientation, effect on receiving

elements of atmospherics, signals of broadcasting and other radio-stations,

effect on receiving elements, input circuits or measuring apparatus of

sound from rotating screws (acoustic errors) and power equipment of the

plane or helicopter.

The third group of errors is of specific nature. The emergence of

these errors is due to the following: disruption of reciprocal position

of the field's source and receiver by the random variation of the geometry

of the system (this is peculiar to the induction method), effect of metal

parts (body) of plane or helicopter, effect of irregularities of surface

detritus and surrounding medium, topography of locality and the nature of

the soil.

Each of the three main groups of errors is divided also into systematic

and random errors. For instance, error from the interference of radio-

stations is of random nature.

te total error of measuring apparatus 1l is composed of the total

systematic ij- and random errors E-tt. The random errors are summed up

geometrically, i.e., according to quadratic law (at various time instants

they may have different values and signs and compensate each other
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partially (193):

= -- g((XIII.2)

where E . - components of random error.

The systematic errors are summed up algebraically with an estimate

of their highest possible values:

0 tot = e i (xIII.3)

where 0. - components of systematic error.

Thus, the total error of the apparatus )1, denoting its accuracy,

is determined by an algebraic sum, in which the total random error is taken

with the same sign as the total systematic error (193):

= 1 tot 1 tot' (III.4)

The approach is similar to the determination of components and )

of resultant error of the method.

All the enumerated errors could be determined according to the

recommendations given in (165, 193). However, the specific operation of the

apparatus in aerial electric prospecting necessitates a special approach

to determination of one or the other error. The estimation of errors

accounting for specificity of aerial electric prospecting will show the

virtual working condition of the measuring instruments.

One of the main characteristics of the receiving and measuring

devices in aerial electric prospecting is their protection against

interference. This determines to a considerable extent their meteotoIdgical

qualities, in particular measuring the errors. To estimate the required

protection against interference, it would be expedient to analyze those
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main factors which determine the general level of interferences of various

origin affecting the receiving and measuring devices and to specify their

errors of measuring. Moreover, it is necessary to examine in more detail

those errors, which have specific nature in aerial electric prospecting.

It is also necessary to systematize, to estimate qualitatively and

quantitatively individual components of the resultant error separately

in the three groups and then, for comparison, to determine the resultant

error of measuring, typical for one of the other method of aerial

electric prospecting with harmonic field.

The analysis of circuits for electric compensation of the primary

field signal in the apparatus of induction aeromethod and exposure of

determining compensator errors makes it possible to select well-founded

optimum measurable parameters of residual signal.

Thus, the presence of the above errors and the problem of measuring

signals of very weak fields enables us to come to the conclusion that

the relatively high demands of accuracy in measuring, imposed directly on

the measuring instruments, are quite warranted.

In evaluating the resultant error of measuring it is possible to

assert that *;though random errors are present, they are not so significant

and are not so often encountered; therefore, it is not in every condition

that they have to be accounted for, whereas analysis and estimate of

systematic errors are of primary importance.

2. Instrumental errors

The receiving and reasuring apparatus, applied in aeromethods of

electric prospecting, is mostly a complex of electric and radio-measuring

systems and devices, which operate in specific, unfavoirable conditions

due to their set-up on aircraft (considerable vibrations, wide range of



variation of surrounding temperature, considerable moisture of air, in

some cases upto 100%o, etc.). These conditions contribute to the increment

of error in the apparatus for measuring.

In aerial electric prospecting, the instrumental error is compounded

of the basic error in measuring blocks and nodes, including field receiver

and input circuits, due to fluctuation noises, and also of additional

errors, specified by the effect of external factors (temperature, pressure,

etc.), detuning of frequency, instability of power supply sources, effect

of microphonic noises on the input circuits of receiving and measuring

systems.

At present it is quite possible to reduce the basic error of

individual measuring systems of selective measuring amplifiers, phase-

sensing voltmeters, phasemeters, etc.) to 1-1.5% of measurable quantity.

However, such components of the basic instrumental error as incorrectness,

admitted in determining parameters of field receiver, possible variation

of these parameters during measurments, incorrect estimate of amplification

factor of the whole set of measuring apparatus (receiving channel*, etc.)

increase the basic error of the receiving channel.

In the apparatus of aerial electric prospecting, all nodes, except

the field receiver and gondola preamplifier, operate at stable temperature

within the cabin of the aircraft; therefore, the temperature error is

practically constant. In field receivers, however, specially if they are

made as coils with ferrite cores, temperature error in relation to

weather conditions may considerably wary with time and become very high.

*The precise calibration of this channel and its periodic chetking reduce
the basic error of the receiving-amplifying apparatus to a magnitude not
exceeding 1.5-2%.
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Highly-sensitive magnetic field receivers (with the use of ferrite cores)

are at present developed to operate in the frequency range from a few

tens to several thousands cps, which practically show no instability in

a temperature range -15 - +450(125). These magnetic field receivers are

successfully applied in the apparatus of many aerial methods of electric

prospecting.

To stabilize the amplification factor of the preamplifier or gondola

amplifier, the application is of a penetrating reverse feedback and

highly-stabilized supply source, time and temperature, stable details etc.

Additional error in the remaining systems of the measuring apparatus,

specified by frequency detuning, instability of supply source, etc., could

be made quite negligible without any difficulty. By thermal compensation

and thermal stabilization of individual nodes and elements of measuring

circuits, quartz crystal control of operating frequency of master oscillator

and, therefore, frequency of comparative, compensating and calibrating

signals the additional error could be brought down to 0.5-1%.

The natural level of noises of the measuring system and of microphonic

noise could be reduced with application of certain protective measures, to

a magnitude, which has practically no affect on additional and summarized

instrumental errors.

The results of tests, carried out with receiving and measuring

apparatus of BDK and induction methods (AERI-2), have shown that the

summarized additional error is actually not over 1%, and the summarized

fundamental error - 4%.

Given further is a brief description of factors, specifying the

appearance of fundamental and additional errors in the selective amplifier,
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measurers of modulus, components and phase of the signal being measured

and quantitative appraisal of these errors.

Selective amplifier, In para 3 of Chapter X it has been pointed out

that, in selective amplifiers of the measuring apparatus in aerial electric

prospecting, the application is of selective LC- or RC-filters. The

fundamental error in these amplifiers is caused mainly by the incorrect

matching of selective filter elements, and the additional - by their

temperature instability. The fundamental error is reduced by the careful

matching of filter elements and its precise tuning to the operating

frequency. During application, the main role is of the additional error.

Therefore, the selective amplifier circuit is chosen with an estimate of

temperature instability of its amplification factor in the transmission

band of frequencies.

It is well knownthat in selective LC-circuit, with parameter

variation of L or C circuits due to temperature effect, the variation is

only of the tuning frequency of this circuit, whereas the amplification

factor of the stage (specially with the amplification circuit on electronic

tubes) and the Q-factor remain practically unchanged, if the measured

frequency remains similar to that of circuit tuning or coincides with it.

In selective RC-circuits, temperature variation causes not only deviation

of the )resonance frequency, but also considerable variations of the

amplification or transmission factor and of Q-factor. Therefore, it may

be assumed that the main source of the summarized error in the selective

amplifier is the temperature instability of elements in filter sections

with the use of vacuum-tube amplifying circuits or the one mentioned and

temperature instability of transistors in amplifying circuits with semi-

conductors.



In selective LC-amplifiers of low frequency with parallel LC-circuit,

there is amplitude instability with the use of ferrite toroidal cores

due to amplitude variation of measurable signal. Moreover, temperature

instability is also typical of these amplifiers. All this specifies

possible deviation of the tuning frequency upto 5-10% and variation of

the amplification factor, as a result of which there is a considerable

additional error in measuring.

The temperature instability of highly selective LC- and RC-amplifiers

of low frequency is analyzed in detail in (15). For the selective

amplifier with a single LC-circuit the relative drift of tuning frequency

with temperature variation can be determined from ratio

L co o _= AL + C c),Sc-- Wo  = 2 1L + A , (xIII. 5)
0 0 2 L C

where /NL and A C - variation respectively of inductance and capacitance.

of the circuit with temperature variation; 60 - angular frequency of

tuning, (1 = 1
-LC

In the case of using Alsifer cores and paper condensers of low

stability L C Therefore, it may be assumed that

0 1 . AC . (XIII. 6)
C 0  2 C

Here

C = , At, (xIII. 7)C

where A t - temperature drop; f-( - temperature coefficient of the

condenser (TRE).

The dependence of the working amplification factor of the

selective amplifier on required Q-factor at low TKE values is shown

by formula
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KoK =I (XIII. 8)
P 2(

Due to variation of the working amplification factor of the

selective amplifier with temperature there is emergence of error, the

relative mangitude of which may be upto several per cents even for

high-quality selective systems.

In the usual selective RC-amplifiers, the fundamental error due

to possible deviation filter elements, nominal values from the

calculated could be appreciable and this must be taken into account.

Formulas are given in (62, 238), which permit us to make a general

determination of allowable transmission band offrequencies in accordance

with the present general instability of amplifier's parameters. However,

in literature, as a rule, no recommendations are given for the choice of

the deviations allowed for individual RC-filters, which makes it rather

difficult to determine the fundamental error of the selective amplifier

as well as the instability of those elements of filter which specify the

highest variation of amplitude-phase characteristics of this type of

amplifier.

To prove the validity of demands imposed on details in RC-filters

in respect of their stability and precise adjustment, let us take an

RC-amplifier with filter in feedback circuit. Here is an example of

theoretical estimate of parameters of the system, most popular in

practice, of selective RC-amplifier (Fig. 228) and symmetrical double

T-shaped RC-filter (Fig. 229)(62, 187).

Amplification factor of RC-selective amplifier
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K = Bblx Ko (xIII. 9)

UBX 1+Ko K

If the module coefficient of amplification in the feedback sectionwith

(K1) < 1, it is a most common case of filter being connectedithe feedback

circuit, but if (Kl) >> 1, - it is a case of filter being connected

circuit of amplified feedback.

It is known that the transmission ratio of double 'shaped RC-

filter, tuned to frequency W.0 , at any other frequency O)will be

1 (XIII. 10)
=- P0

l - j 2 m

where P = ; m - coefficient depending on the ratio of

filter elements. In a particular case, when R1=R2=2R3 and Cl=C2  2

coefficient m = 4.

On frequency) = L.)with the calculated values of filter elements

the transmission ratio should be zero. However, due to unavoidable

deviations of filter parameter from the calculated values on frequency

0() we have j # 0.

Denoting the real and imaginary parts of eC by a and b respectively,

then

S= + jb.

With a minor deviation of frequency W from 6oit is possible to

assume with sufficient accuracy that the transmission ratio of the

real 2T-RC-filter composes
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(o -1 / 1
+ 0  (XIII. 11)

In this case the amplification factor of the amplifier is

determinable from formula:

S 0  . (XIII. 12)

1 + KOK1 + a + jb

1-j 2 m

Coefficients K and K1 in the range of operating audio-frequencieso 1

could generally be taken as independent of frequency 60. It may also be

assumed that phase-shifts of amplifiers on frequency Cod prior to the

connection of feedback, are zero, i.e. Ko and K1 are real on the

frequency of quasiresonance*.

It can be shown, that with low deviations of frequency the

term 0 PO m is considerably higher than one.

PO- 1
Denoting

Po
= 2 m,

we get after transformations

= m (co+ U) ( - 0)

If it is taken that 60 - CO0 wA1 and assumed dO 0 - 6 O- '

and C + 00 0 W 2 0O, then
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<< R, R2

a,i'Fil ter; a Cf
b, 2T filter/ -

Fig. 228 Fig. 229

m A10 0 (XIII 13)

The given formula proves that with low deviations from frequency

AAo.
0( 0 ratio is always considerably less than one. Since in

2T-RC-filter m > 4, then y > 1. On this basis, after certain

conversions, formula (XIII. 12) can be simplified in the following way:

1+a+by) 1+b Y ; Y (1+aKoKl) - boKK y (l+aKoK)

1 -j . -j ; 1 + KoKl- KoK1 .

After substitution of these terms into formula (XIII. 12) and

K
slight conversions for the modulus of ratio K we get the following

o

equation:

K . (XIII. 14)
K 1 2

+ + (1 + aKoK 1) 2

From this equation is follows that ratio attains

maximum in condition

S= -b . (xIII. 15)

*In actual systems, this condition is usVally observed, specially when

the amplifier with amplification factor K has its own intrinsic active

reverse feedback.
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Hence it is easy to determine the variation of resonance frequency

of the selective amplifier due to the imperfection of 2T-RC-filter.

Substituting in equation (XIII. 15) Y values from formula (XIII. 13),

we get

-k- b. (XIII. 16)
0 2

Amplification on resonance frequency

K 1 (XIII. 17)

KO 1+aKOK 1

From the last two equations it follows that the variation of

resonance frequency is due to imaginary, and the amplification factor -

real component of It . The variation of resonance frequency is determined

only by the deviation of T-filter parameters and does not depend on the

amplification factor KO -

Equations (XIII. 16) and (XIII. 17) also permit the fixing of the

limits of allowed variations in the value of resistances and condensers

forming T-filter, so as to prevent deviations of A C) and A K above the

fixed value.

Table 21 gives values for coefficients a and b of symmetrical
C

2T-RC-filter (R =R2=2R , C1= C2= -- 3 ). According to the date of

this table, increment of parameters R1, R 2 , C1 and C2 mainly affect the

variation of resonance frequency and to a lesser extent variations of

the amplification factor on resonance frequency as compared to the

corresponding variations of parameters R3 and C . This permits the

conclusion that it would be more expedient to tune the frequency of
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of the resonant amplifier by varying resistances R1 , R2 or

capacitances C1 and C2 and the coefficient of amplification on

resonance frequency - resistance R3 or capacitance C 3.

Table 21.

Substance part of Imaginary part of
Parameters transmission factor a transmission factor b

1 R 1 AR 3 AR
1 2 16 * R 16 R

1 Ac 3_ c
l c + + 6 C
1 2 16 C 16 C

0 1 C3 1 
3  8 C3 8 C03

3 8 R3  8 R3

Let us determine the phase characteristic of selective RC-filter

in the vicinity of resonance. From relations (XIII. 9) and (XIII. 10),

after conversions and substitutions, we get

1 1 K1

K K PO 0
1 -j m

tg0( 0oY 2

1 + Y + KoK 1

In the vicinity of resonancey ',1, therefore it may be assumed
K K

that tan 0( , or more approximately, taking into

account I values,

Co K 1  (III. 18)
2 J
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With the knowledge that the variation of frequency A) in the

selective amplifier with RC-filter in feedback circuit affects only

the imaginary part of the filter transmission coefficient (XIII. 9),

it is possible to write for symmetric 2T-RC-filter

0o = - bKKI. (XIII. 19)

Therefore, the phase-shift depends to a considerable extent on

the instability of amplification factors Ko and K1 and those parameters

of the filter which affect to a greater extent, the variation of the

imaginary portion of the filter's transmission coefficient 0 in the

vicinity of the quasiresonance frequency 60W .

Let us take, as an example the variations of frequency 6 Oand the

phase characteristic of selective amplifier with symmetrical RC-filter

at K = 100 and K1 = 1, when resistances R1 and R2 are matched with

precision - 0.5%. From Table 21, we extract the formula for the

imaginary part of transmission factor P , and determine from it

b = - 61 R = - 0.001. Then from formula (XIII. 16)
16 R

we determine the frequency variation of the amplifier due to incorrect

matching of two parameters R1 and R2  03 = -mb = -0.004. From

formula (XIII.9) we have = - 0.1 rad. Thus, in the given case

resonance frequency shifts by t 0.4%, and phase shift OC - by

5050 '.

In this way, it is possible to fix the effect of all the filter

parameters on the selective amplifier* and to determine the fundamental

error of measuring with incorrect selection of filter elements. The

*In the same way, it is possible to determine the effect of elements,
composing other varieties of filters cut in to the feedback of the
selective amplifier.



relations and calculations shown permit to the conclusion that the

most exact demands for stability and accuracy in the matching of

filter elements should be imposed on parameters R1 ,R2,C1 and C2*

The question of temperature stability of RC-amplifiers has been

addequately dealt with in (15, 183). However, the investigations were

conducted for low-quality amplifiers and without estimating the effect

of asymmetric instability, which meant incomplete accounting for

destabilizing factors.

Asymmetric instability of resistances and condensers is manifested

due to dissimilar values of TKE and TKC and results in the non-presence

of zero transmission factor on the frequency of bridge tuning, and also

to phase distortion within angles exceeding ± 900. In these conditions,

with variation of temperature, the reverse feedback increases in the

region of resonance frequency and the Q-factor of the amplifier

decreases correspondingly. The appearance of positive coupling is also

possible, resulting in increasing amplification factor and Q-factor.

Analysis of asymmetric instability effect is considerably complex

and requires an estimate of probable TKE and TKC characteristics. An

attempt to carry out such analysis was made in (138), but was not

carried to engineering calculations. Therefore, the asymmetric

instability is usually assessed by experiments.

Symmetrical temperature instability of RC-filter, with similar

TKE for condensers and TKC for resistances, has been theoretically

analysed in (15). The relative variation of angular frequency of the

RC-filter, tuning with temperature variations, is determinable by

formula
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0 (+ R, , (XIII. 20)

where quantity R is determined by estimating the temperature

factor of resistance 9 R in ratio

R = Rat. (XIII. 21)

In the same conditions C is expressed by formula (XIII. 7).

Therefore,

o = - ( + o ) 4e t. (XIII. 22)
o

The amplification factor of highly-selective RC-amplifier with

consecutive amplified reverse feedback and symmetrical 2T-RC-filter is

determined from relation

R c

K / +Ko + 1
K = 4 (XIII. 23)

2 A R &C 2
4Q R + C + IRC

Thus, deviation of the amplification factor

NK =K -K. (XIII. 24)o o

To eliminate symmetrical instability in RC-filters, use should be

made of resistances with low values TKR (BLP, MGP and of matpine wire)

(145).

Pick up moduli;. The emergence of errors is specified by the
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instability of the amplification factors of a periodic amplifier,

sensitivity variation of vacuum-tube voltmeter or recorder,

transmission coefficient of phase-inverter in the adjustment of

measurable signal phase, change of tube, etc. The error should be

eliminated by regular calibration of the module measuring channel.

However, they may take place in those elements of the module measuring

circuit, which are not enclosed by the calibration circuit. These errors

are usually due to the instability of attenuator's resistances, shape

variation of the detecting characteristic in the vacuum tube voltmeter

and also incorrect reading during the calibration.

Error due to the instability of the amplification factor, with

sufficiently extensive reverse feedback, stabilization of anode and

filament voltages could be brought up to 0.5-1%. Error caused by

sensitivity variation of the vacuum-tube voltmeter (during changing of

tubes, semi-conductive triods) or recorder, although it could be high,

is easily detected in calibration, so that further on the changed value

of the recording scale division is kept stable. This error, specified

usually by the shape of the detecting characteristic, is most noticeable

in its initial section. On the remaining portions of the scale, where

the detecting characteristic is almost linear, the error, as a rule, does

not go beyond 0.5-1%. Error of the standard recorder could be considerably

less than 1%.

The transmission coefficient of the phase-inverter may vary during

the phase adjustment of the signal by several per cents. For eliminating

this error, the compensation of phase shift is implemented prior to

calibration.
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.Error of matching divider's resistances could be t 0.2%. 
The

high temperature stability of dividers is attained either by the

application of wire resistances or by the selection 
of special

resistances, including mastic (e.g., BC), the temperature coefficient

of which of about 10 - 3 has negative sign (145). As a result of the

fact that the heating of all the divider's resistances is usually similar,

the error of division ratio is maintained, as a rule, constant not

exceeding 0.5-1%.

Error arising due to non-linear distortion with high noise level

cannot be calculated, and it is impossible to eliminate it by calibration.

If the noise level is commensurable with the signal level or exceeds it,

the control grid tube gets overloaded and changes over into anode-grid

detecting condition, with which the direct proportionality between 
the

level of the amplifier's input voltage and the level of the signal 
at the

output gets lost. Application of high preselectivity 
substantially reduces

such additional error in measuring.

The error of calibration is determined by the fundamental error of 
the

indicator or recorder, from the scale of which the required amplification

factor is checked or calibrated and, besides, by the error admitted in

determining the calibrating voltage intensity. With individual graduation

of the indicator, for instance of M-24 or M-265 device, its fundamental

error could be brought down to 1%. This permits determining with accuracy

upto 1% both the intensity of the calibration voltage and the amplification

factor of the module gauge., With calibration from the standard recorder 
the

accuracy is higher. Therefore, the total systematic error in the measuring

channel of the signal module with the presence of calibration circuit,
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determinable from formula (XIII. 3), is 1.5-2.

Phase-meter, The direct estimate of errors in electronic phase-meters

is discussed in detail in (43). Therefore, here, in our opinion, it would

be expedient to analyse the probable phase errors in application to the

whole channel of phase-measuring.

Prior to measuring the phase-angle between the measured and comparative

signals, there must be phase correction (i.e. compensation) of phase shifts,

introduced by the measuring channel, in connection with which the general

error of phase measuring should also be divided into individual errors. Some

of the errors could be eliminated during correction, others cannot be

eliminated and taken into account in measuring.

Phase shift in aperiodic circuits of the amplifier at various operating

frequencies is similar neither in absolute magnitude, nor in instability.

The least error is mainly evident on the middle operating frequencies. On

high frequencies, phase shift is caused by the instability of interelectrode

and equipment capacities, shunting anode load of tubes. For instance, each

pentode stage shifts the phase at an angle - = - arctan C6R a , where

C - total capacity, Ra-the load for shunting the anode.
o

In amplifier planning, it is necessary to obtain minimum angle 1,

therefore, the tangent of the angle could be replaced by the angle itself

in radians. In this case, the variation of phase shift A in one stage
t! C

with the variation of Co to the extent of a Co is ~ - ORa C 0
o

For instance, at f = 3898 cps, R = 50 kohm, C = 50 pF we have

o 2 and ( .) = 6.28 x 3898 x 50 x 10-12x 50 x 10x 2 x 10-, 1, 2

03
x 10 rad g4 '.

In this case, maximum error in the presence of two-channel phase
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measuring circuit could be about 10'. With implementation prior to

measuring the compensation of phase shifts in the measuring channel the

error could be reduced to an even greater extent.

Error due to reciprocal detuning of resonance circuits, if these are

present in the measuring channel, is more considerable. It could be

completely eliminated with maintenance of thermal compensation and

periodical correction of phase shifts.

For instance, if under the effect of surrounding temperature variation

the capacitance of the circuit has changed to the extent that the frequency

has become detuned by 0.5%, then with quality of circuit Q - 10 phase error

Q 3 Coo = 10 (1.005-0.995) = 0.1 rad 60.

The most significant component in the fundamental error of electronic

phase-meter with the use of amplifier-clippers is taken to be the error

due to asymmetry of the output pulses of amplifier-clipper, caused by the

fluctuations and drift of limitation levels. To reduce this type of error

it is expedient to apply as amplifier-clippers circuits with anode-cathode

limiting.. The fineness of limiting and dynamic range of input signal in

these circuits are considerably higher. Therefore, the phase-meter with

this circuit will also have a smaller error from the asymmetry of pilses

(43). For instance, if at the input of amplifier-clippers voltage is

delivered with amplitude U , and both the limiting levels i shifted to one

side to the same extent, UO , as shown in Fig. 230, the periods of

positive and negative impulses become inequal. Their ratio is determined

in the following way:
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aUo Uo
y - 2 arcsin 1 - 0

m 1,57Um

C= - - -11m

a Uo - U (XII.25)
fr + 2 arcsin U + 57U(

Um 1,57Umm m

Usually, amplitude U of input signals in the electronic phase-meters
m

reaches several tens of volts, and the shifting of A Uo levels with

stabilized supply is in the order of a few tenths of a volt. In this

connection,to avoid error periodic balancing of amplifiers-clippers is

required, specially after the replacement of tubes. With a dipole congruence

circuit or a dipole trigger circuit this error is practically non-present

(43, 151).

Error caused by the change in steepness of the impulse front depends

on type of the selected amplifier-clipper and their number in a single

channel. If several amplifier-clippers are used with anode-cathode

clipping, the error does not exceed 0.8-1.00

U,

I 1 I
0 t

Fig. 230

Thus, it may be assumed that the basic error of the phase measuring

channel in the apparatus of aerial electric prospecting with periodic

checking and correction of phase shift in this channel and in phase-meter

channels is not over 1-1.50 (2.5-3 7 with 450 scale). Any further reduction

of error is only possible by means of special measures or by applying
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more composite circuits for phase measuring.

3. Error caused by fluctuation noises of field receiver and input circuit

In the apparatus of aerial electric prospecting, the low-frequency

receivers of the magnetic field are usually multiturn inductance coils,

either with core or without. On frequencies below 100 cps, it is also possible

to use successfully the magnetic modulation transmitters (16, 19). The

magnetic field receiver is tuned, as a rule, to preset the operating

frequency, thereby attaining increase in its sensitivity and selectivity.

The receiver is connected to the measuring unit through the preamplifier.

Therefore, its intrinsic noises and the noises of the preamplifier's input

circuits in measuring the low tensions of the magnetic field can be

commensurable with the useful signal in the field receiver. The noises are

amplified by the pre-amplifier on a par with the useful signal and delivered

to the measuring circuits, thereby creating interference and causing a certain

error in measurements, which is a part of the basic measuring error.

Investigations have shown that the noise level of multiturn coils of

the frequency range in aerial electric prospecting are not above the

atmospheric level (usually they are by one order lower). For extremely

highly-sensitive apparatus, it may be assumed that this level is

commensurable with the useful signal.

Given further is a brief analysis of the indicated interferences for

the purpose of their quantitative appraisal and determination of the

extent of their effect on the quality of operation of the receiving channel.

Fluctuation noises of field receiver, It is well known that the noise

source in the oscillating circuit is only the loss resistance r, since the
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inductance L and capacitance C of the circuit are practically noiseless.

The mean square value of fluctuation noises e.m.f. on the terminals

of the complex circuit with resistance Z is determined from Naiquist

formula (249):

2 4kT r(CO) d 6), (XIII. 26)

where k - Boltmann constant, k = 1.374.10- 2 3 joule/degr; T - absolute

temperature, degr; r (c~ ) - active component of resistance Z, generally

dependent on frequency CO 1 and 602 - frequency limit, for which

determination is being made of fluctuation noises e.m.f.

At room temperature (+200C), assuming resistance r in the measured

frequency range is constant and active, we obtain the following formula

for the virtual value of fluctuation noises e.m.f. (136, 249):

= 0,127 - r F, (XIII. 27)
LU

where r - resistance, kohm; A F - transmission band, kcps; - e.m.f.,
L U

my.

Passing on to the resonance oscillating circuit, the equivalent

diagram of which is shown in Fig. 231, we determine the voltage of

f3Xctdation noises on the terminals of the circuit caused by the presence

within it of the noisy resistance r. .m.f. of noises in the circuit

of the receiving frame acts consecutively; therefore, with resonance the

voltage on circuit

U = Q, (XIII. 28)

where Q - quality factor of circuit.
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P OooL
Since Q - - , then from formulas (XIII. 27) and

r r

(XIII. 28) we find:

u~= 2 2 1 F 2&2 = ~ A~F ----
U = 6w 64 r

p2
where p 2Q = R equivalent resonance resistance of the circuit.

L

R C UW

Puc. 231.

Fig. 231

Frequency band fT for single oscillating circuit, which is the

tuned receiving frame, will in this case get determinedfrom the following

relation (116):

S 2 fo (XIII. 29)

where fo is given in kilo-cycles.

Therefore, the fundamental noises

U -- 1 RV , MKB, (XIII. 30)
Lu 8 oe

where resistance Roe is given in kiloohms, and the frequency band fl -

in kilocycles.

As an example, we take the magnetic field receivers in apparatus

AERI-2 (see Chapter VII). The results of calculation of equivalent

resonance resistance, frequency band fl and fundamental noises U of
w1J
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these receivers are as follows:

f, cps 243 487 974 974 1949 3898

Roe, kohm 32.5 122.8 208.3 92.5 244.6 231.5

1 10 - 3 , keps 10.9 12.6 27.3 27.3 41.4 179

ULU , mcv 0.075 0.15 0.3 0.2 0.4 0.79

According to the data shown above, the voltage of fluctuation noises

in the magnetic field receiver does not exceed 0.8 uv . If it is taken

into account that the main selectivity is concentrated in the measuring

part of the apparatus,.the actual noise voltage, affecting the measuring

inputs of pertinent parameters of the useful signal, will be reduced even

to a greater extent, due to additional selectivity at the input of the

receiving system.

The receiving apparatus of aerial electric prospecting is meant for

measuring the tension of magnetic fields of about 10- 4 - 10-7 a/m; it

would be of interest to reduce the fluctuation noises in the receiving coil,

expressed in micro-volts, to units of measuring magnetic field tension

amper/meter (assuming, that Ue= H ) , and to compare them with then.e n.e

sensitivity threshold of the receiving-measuring apparatus. The sensitivity

threshold of the apparatus in aerial electric prospecting is taken as 10- 7

a/m.

Signal, induced in the field receiver without core, by external magnetic

field will be, according to formula (VII. 3), E = C H, v.
r

For a coil with ferrite core tuned into resosnance this signal could

be determined from the following ratio (132, 165):
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U 8 k o S QH . 10-6 , v. (XIII. 31)

For the equivalent tension of the noise field we have

ULu . 10
H , = (xIII. 32)

8P k fo -)SpQ

Substituting in equation (XIII. 32) U from formula (XIII. 30),

expressed in volts, we find that the equivalent noise tension of the field

H oe , a/M. (XIII. 33)

k p

It would be of interest to analyse data, pertaining, for instance,

to AERI-2 apparatus. It was fixed experimentally that the core permeability

of multiturn coil in this apparatus / k - ii. For the magnetic field

receivers equivalent noise tension H , calculated from formula

(XIII. 33), has the following values:

f, cps 243 487 974 974 1949 3898

H .e, 0-8 a/m 1,8 0,95 1,12 0,75 0,84 1,78

According to the given data, the equivalent noise tension of the

magnetic field receiver for almost alloperating frequencies is considerably

below the adopted sensitivity threshold of apparatus, 10-7 a/m. Thus,

the interferences in the measuring apparatus of AERI-2, caused by the

natural noises of the field receiver, are insignificant and practically

do not affect the macgnitude of the fundamental error in measuring. This
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conclusion holds true for the majority of the apparatuses in aerial

electro prospecting.

The noise levels of magnetomodulated transmitters not infrequently

exceed the equivalent tension 10-6 a/m throughout the whole frequency

range of aerial electro prospecting. Given below for comparison are the

noise data of magnetomodulated transmitters, developed in FMI AN Ykr.

SSR (16):

Frequency of measured field, cps 75 925

Time constant, sec 0.3 2 0.3 2

Sensitivity threshold (with signal-

noise ratio = 1), 10- 6 a/m 1.6-2.4 1 0.8-1.6 2

The search for ways to reduce noise levels in magnetomodulation

transmitters has begun only during the last few years (17). In future,

apparently, characteristics of these transmitters will be improved.

Noises of input amplifier tubes. The current fluctuations of input

amplifier tubes in pre-amplifiers cause an interference which, after

amplification in subsequent circuits, affects the measuring systems of the

apparatus.

Calculations show that the equivalent noise tension of the preamplifier

the first tube is negligible and, in any case, less than the equivalent

noise tension of the receiving multiturn coil tuned into resonance. For

instance, for the preamplifier of AERI-2 apparatus, if it is assumed that

R = r where r - noise resistance of tube 6 1 (for triode cut inoe &ntt' Ln~

rn.t= 0.4 kohm, for pentode - 1.9 kohm (249) ), and the equivalent noise

tension of the tube carried over to passband (for each operating frequency),
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then, in accordance with formula (XIII. 33), we get for the first

amplifier tube:

f, cps 243 487 974 974 1949 3898

H n.t,.10-9a/m triode cut-

in. 0.2 0.06 0.06 0.06 0.03 0.08

pentode cut-in 0.43 0.12 0.13 0.13 0.07 0.16

Experiments with short-circuited input of the gondola amplifier

in AERI-2 apparatus have shown that on frequencies 243-1949 cps the

noise level of the tube does not exceed centisimal fractions of microvolts,

and on frequency 3898 cps is 0.5-1 microvolts, which is equivalent to

field tension (0.8-1.6)10-3a/m. Identical results were obtained with the

replacement of field receivers by active resistance, the selected value

of which was the same as the resonance resistance of the field receiver

on average operating frequencies. Therefore, the noises of the input tube

are actually so insignificant that they need not be taken into account

with sensitivity threshold 10-7a/m.

With the use of special pretective measures (23, 249), the microphonic

noise of the tubes could be reduced to a volume, not affecting appreciably

additional and fundamental error in the measuring apparatus of aerial

electric prospecting.

4. Regarding errors in subtracting circuit of compensator

Electric compensation of the primary field signal is usually obtained

by delivery to a special subtracting circuit of the indicated and

compensating signals during the parity presetting of their volumes and
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the fixing of appropriate phase shift between them. As a result, the

output voltage of the subtracting circuit should be approximately zero.

The general analysis of subtracting circuits has been given in

(144, 151, 191); therefore, here we shall only briefly examine the

errors taking place in one of the subtracting circuits, which determine

practically the total error of the compensator.

The main requirements of the compensator are: 1) maximum possible

operating stability of the compensator, including that of the subtracting

circuit; 2) maximum possible compensation, close to 100; 3) invariability

of the amplitude and phase of the compensating voltage.

The quality of compensation, i.e., its penetration and stability,

are characterised by the working value of the subtraction factor K , which

is the ratio of residual voltage modulus at the output of the subtracting

circuit to the modulus of the compensated (input) signal, arriving at one

of its inputs, i.e.

K - - - , (XIII. 34)

where U = U2 - compensated, and Uk = Ul - compensating signals.

The amount of compensation is determined from formula (XI. 3).

The most suitable for compensation in its simplicity, sensitivity

and stability is the asymmetric subtracting tube circuit on resistances

with symmetric inputs and asymmetric output, shown in Fig. 232, a

(Fig. 232, b shows its equivalent diagram).

The subtraction proper in this system takes place in the grid circuit

of tube L2. The L1 tube, at the input of which arrives one of the voltages

(U 1), plays the part of cathode follower, the output voltages of which
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is fed to control grid of L2 tube, where simultaneously arrives the

second voltIage (U2). Therefore, the voltage virtually active on the

grid of L2 tube, is equal to the difference of voltages U = U2 - U1

applied to the subtracting circuit, and the variation of this

difference idetermines the variation of anode voltage (current) of L2

tube. The higher adjustable bias, fed to controlling grid of L2 tube,

makes it possible to obtain P 2  n1 and thereby to balance the

circuit. Other subtracting circuits, for one or the other reason,

have worse mt'tological properties, lesser value of subtraction factor,

etc. (144, 191).

RaK

R RKR

a 6

Fig. 232

The first and second of the above demands, imposed on the

compensator in this system, are met mainly by the selection of the

type of tubes in the subtracting circuit and its optimum parameters,

and also stabilization of energizing voltages.. The third demand is

usually met by rigid coupling of the compensating voltage source to
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current in oscillating frame or, with the use of comparative voltage

from master oscillator, with the quartz crystal control. In both the

cases, stablization of parameters should be provided in the transmission

circuit of the compensating signal from the generating unit into the

compensator.

The balance of the subtracting circuit take place with fulfilment

of condition

R.

S  2 + Rk. (XIII. 35)

The amplification factor of the subtracting circuit at

1  2 = l is determined from formula

R Rk( 1 + ~)
K = R a)

. " (1 + A) Rk (Ri+ R 2 + R ) +Ri R(R2 + Ra)

(xIII. 36)

Since usually (1 + /) Rk>Ri, it may be assumed that

R
K = a . (XIII. 36a)

' R. +R. +R
11 12 a

If R. = R. , then
11 1

R
K .;: a . (xIII. 36b)
S.C 2R. + R 2R.a 1+ 1

R
a
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In this case output voltage

Ux= KS. ( 2 - U1
)  2R. 2 - ) (XII. 37)

+ R1
R

a

But actually even with parity U1 = U2, the output of the

subtraction circuit has a residual signal Uout , the minimum volume
min

of which is determined by the noise level of the tube and instability

of its parameters and of the subtracting circuit elements. This minimum

signal determines the fundamental error of subtraction, which could be

expressed by ratio

= (xIII. 38)
K U

where U. in= (U - U1) nom.

The additional error of subtraction is determined from relation

= K U - (xIII. 39)

where Uout - increment of residual voltage, caused by the instability
mln

of the energizing voltages and the variation of external conditions.

In order to increase the amount of compensation, it is necessary to

increase in the subtracting circuit signal/noise ratio at its inputs.

This is attained by the selection of a tube with higher and stable static

, and providing conditions of its operation, at which the transmission

ratio would be higher than one. Stability and linearity of the given circuit

are determined by the selection of a sufficiently high cathode resistance
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Rk, and amplification factor - by high resistance value of anode

load R , i.e., by the selection of R a> R + R. (see formula
a 11 2

(xIII. 36a) ).

For the subtracting circuit, the most suitable are double triodes.

In order to assure minimum frequency error, this triode should have a

high static steepness and low input capacitance. On low frequencies,

used in the induction method of aerial electric prospecting, frequency

error is usually disregarded.

For an exact calculation of the fundamental subtraction error, it

is necessary to determine analytically the intensity of Uout . provided,
min

that K = const and U. = U . However, this is rather as.c in in. nom

difficult problem, requiring cumbersome calculations, therefore, intensity

of Uout.min is usually determined by experiments. The determined value of

U gives only the first component part of the fundamental error.
out.min

The second component part is determined by the instability of the

subtracting circuit amplification factor, caused by the variation of all

parameters in the subtracting circuit (see formula (XIII. 36) ).

Let us determine the variation of the amplification factor due to

instability of parameters of the tubes and the circuit. The total

differential of relation (XIII. 36b) will be

dK = di- + dR + dR
Ri Ra a

(XIII. 40)

Partial derivatives, which compose this equation, will be written as
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SKs- Ra ) Ks.. 2 / R

=r- 2R + Ra ' aR (2R. + R )2

.KP (2R. + R ) - !.R

1 aaRa (2Ri + R)2

Substituting into formula (XIII. 40) values of partial drivatives

and simplifying, we find

=K K 1 I dj- 2 dR+
dK =K d - 2R. + R di

+ R (2R. + R ) dR (XIII. 40a)
a 1 a

The relative variation of amplification factor of the subtracting

circuit with variation of parameters J. , Ri and Ra we get from relation

dKs
&K d I t 100 =

2 S.c C 2Ri

d 2R. - R + R (2R. +R2R) l00, (XIII. 41)

Knowing values , Ri and Ra and setting their increments, as

observable in practice, it is easy to calculate the numerical value of

percentage variation of the subtracting circuit amplification factor. It

should be mentioned that the main unstable parameter of the subtracting

circuit is the inner resistance of the tube. With invariable values of

voltages U1 and U2 the variation of the amplification factor also

causes corresponding variation of input voltage of the subtracting



- 609 -

circuit (see formula (XIII. 37) ) which, in the final count, determines

the fundamental error of subtraction.

As an example, let us take the subtracting circuits and their

errors in two versions of apparatus 4- AERIS and AERI-2.

For the carrying out of experiments it was proposed to investigate

the effect on the subtracting circuit of the type of tubes, and also the

circuit's parameters, at which the required extent of subtraction would

be assured, as well as the stability of its operation, time stability

and sufficient value of transmission ratio (Ks.c > 1). The fundamental

error should be reduced to a magnitude not exceeding 0.5-1/, whereas the

additional, due to its insignificance, could be disregarded.

+3306

-R-
r r+300 - I

R , /1,6H37 R2 C2

U6611 31 R4. R

R,
L0, RS R6

Fig. 233 Fig. 234

For the subtracting circuit, the most suitable are double triodes

6H1J1 and 6H311 , which, as a rule, have identical characteristics for

both its triodes, comparatively low inner resistance Ri(ll and 7.5 kohm),

low fundamental noises and sufficiently high steepness of characteristic

S(3.2 and 4.9 ma/v).
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In the development of the compensating system in AERIS with the

use of tube 6H1, investigations of the subtracting circuit, shown in

Fig. 233, were confined to the resistivity selection of anode and

cathode loads, assuring the required extent of compensation, high time

stability of its work, and also to the determination of the optimum

bias voltages on controlling grids for implementation of condition

(XIII. 35), stable subtraction and linearity at high, as well as low

signals.

Investigations, carried out at voltage of anode supply 300v, have

shown that the optimum resistance values of anode and cathode loads are

the following: R2= 13 kohm; R7* 13 kohm; R5= R6= 10 kohm, and bias

voltages - Egl = -3.5v; Eg2 = -6v. In this case, the subtracting circuit

is linear with variation of input signal only from 50 my to 5v or from

50 microvolt to 50 millivolt, i.e. subtraction factor with compensation

of high signals comprises 10-2 , and with compensation of low signals -

10-3 Additional error from the variation of supply voltages with the

indicated parameters of the subtraction circuit is quite negligible.

This error is shown in percentage in Table 22. By applying the stabilized

supply sources, the additional error could be totally eliminated.

The fundamental error, determinable from formula (XIII. 38), comprises

with compensation of signals upto 5 v 4%, and with signals upto 5 mv,

0.5%. Therefore, the amount of compensation and its linearity increase,

whereas the fundamental error gets reduced with admission to the inputs

of the subtracting circuit in relation to low signals not exceeding

0.1-0.5 v.

With the use in the subtracting circuit of double triode 6N3P
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(compensator of AERI-2 apparatus) besides confirming the parameters of

the circuit shown in Fig. 234 (R2 = 300 kohm; R4 and R - 2.4 kohm each;

R6 = 10 kohm; R7 = 200 kohm), determination was made of the dependance

of its basic characteristics on destabilizing factors.

Table 22

Parameters U =6,3 = const E = 250 = const

225 250 275 5,7 6,3 5.9

U. in=5v; E gl= -3.5v;

Uout,mv 4,6 5,0 6,0 1,6 5,0 5,5

Uout=5mv; Eg2= -6v;

U out,mv -0,4 0 +1,0 -3,4 0 +0,5

Ks.c= 3.4; al,% -0,002 0 +0,006 -0,02 0 +0,003

U in=5Omv; Egl= -3.5v

Uout, mcv 48 50 60 48 50 56

Uout=50mcv; E g2= -6v;

LU out , mcv -2 0 +10 -2 0 +6

Ks.c= 1; 6(al,% +0,004 0 +0,02 -0,004 0 +0,012

Dependence of subtraction coefficient upon variation of filament voltage

(the anode voltage is stabilized). Three tubes 6N3P, with small difference in

parameters (Table 23), were taken for determination of the given relation, and

then the necessary measurements were carried out with the change of tubes. The

experiment was conducted in two versions and in both of them the same signal

Uin = 1 was admitted at the input of the subtracting circuit.



- 612 -

Table 23

Left triode Right triode
No. of !, S,
tube ma/v ama ma/v I a , ma

1 4,95 9 4,75 7,8

2 4,95 9 4,9 8,4

3 4,65 7,7 4,65 7,5

In the first version, by selecting bias voltage with invariable Eg1

the decumpensation voltage was set at Uout= 17 my, which corresponded to

the subtraction factor K = 10 . Then the filament voltage was varied by

+ 10%. The charactristic curve of tube 1, obtained as a result of experiment,

is shown in Fig. 235 (curve 1). Similarly, the curves were taken for tubes

2 and 3 (curves 2 and 3 respectively).

In the second version, the maximum possible compensation was attained

by the selection of bias. With this amount of compensation, the subtraction

factor was upto 10-3 (for any tube 6N3P the value of factor does not exceed

10-3). With the variation of the filament voltage by l10%, it was possible

to obtain the curves sought for shown in Fig. 236 for tubes 1-3 respectively.

According to these curves, the highest stability with the variation of the

filament voltage has the subtraction circuit, in which the tube applied is

with low difference in parameters of triodes (tube 3).

Dependence of subtraction coefficient upon temperature was determined

for tube 3 only at positive temperatures, since the compensator in this

apparatus operates, as a rule, in conditions of stable positive temperatures

approximately 35-400 C.

Curve 1 (Fig. 237) for the theoretically required subtraction coefficient
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of about 10-3 , was taken at initial temperature + 200C with its subsequent

rise to + 450 (heating of the whole subtracting circuit in thermostat).

Curve 2 was taken in reverse order, i.e., at first, the maximum possible

was obtained at +450 C, then the circuit was gradually cooled to +150C.

25 1 ,54"-3 0 5 10 -

15

0 
o

-10 " -5 0 5 uf,,/ -o - - , ,

Fig. 235 Fig. 236

The curves in Fig. 237 show that the subtraction factor in interval

20-400C in both the cases remains less than 107 3 , and its minimum variations

correspond to the temperature range 20-350C. The working temperature

conditions of the compensation system require its additional cooling by means

of a fan or outside stream of air. In this case, the stability of the

compensator work is considerably increased and the subtraction coefficient

could be brought up to 10- 3 .

As regards the intensity of the admitted voltages for the given

system, the same conditions prevail as for the subtraction circuit assembled

on tube 6N3P. Therefore, if the input voltage of the useful signal exceeds

0.5v, it should be admitted into the subtracting circuit through ohmic

divider with division ratio about 1:10.

This investigation of the compensator's subtracting circuit in
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AERI-2 apparatus, in which the main demands were met, has shown that

its fundamental error does not exceed 0.5-1%. By stabilizing the supply

voltages and applying thermostable details, the additional error in the

working conditions of the apparatus could be brought down to 0.2-0.3%.

and need not be taken into account. The subtraction factor in upto

5'102 - 10 , and the amount of compensation, which is assured directly

by the compensator, is quite sufficient for the purpose of aerial

electric prospecting, i.e. almost 100t.

5. Vibration errors, caused by the.variation of field receiver
preset orientation

In flying conditions, the highest errors may emerge in the measuring

unit due to vibrations and the preset orientation variation of the field

receiver in space. To confirm this let us find the magnitude of linear

displacement of axis in the plane of receiver's axis magnetic meridian

of the vertical component of the resulting field with vibrations of the

40----
W 2-11 -

20 3 40 t, PHc. 238.

Fig. 237 Fig. 238

receiver in the magnetic field of Earth for the case when the e.m.f.

induced in the receiver, is of the same power as the taken sensitivity

threshold of the measuring apparatus, for instance, 10- 7 a/m. Assuming

that the field receiver is swinging in relation to the vertical line
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(direction N) and the deviation angle varies sinusoidally, i.e. -= Lmsin COvbt.

Generally, the angle between the direction N of the field receiver and the

vector of the magnetic field of Earth HE equals '- (Fig. 238). Let us determine

the e.m.f. induced in the field detector by the constant magnetic field of

Earth.

For the field receiver, made up in the form of a multiturn inductance

coil, the e.m.f., induced in it by the varying magnetic flux (see para 2,

Chapter VII) will be

C d

e dt

where C = S-- constant of the field receiver.
r kp

In the case in question the time variable magnetic flux could be

replaced with vibrations as its simonilian to the variable field of Earth.

Therefore, with accounting for the above conditions of vibration e.m.f.

we get

e - dc - d C H cos ( - 2), (XIII. 42)
vb dt dt 3

i.e.

e - - (C H cos D cos 4*+ C1 H 3sin .sin-0 )b dt 3

= H c os sin - d - C H sin ~cos 2 3d

= Cn H3 covb 'bmCos- sin cos t - C H3  in cos Oo cos Wv t.

Since H e cos -= Hv.e - vertical, and He sin = Hh.e - horizontal

components of the Earth's field, we may write

e6 = C H W -vb( JminJ/cos vbt - C aHr. 3 0TVlrmCos+cos C6vbt.

(xIII. 43)
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Angle\ is negligible, therefore, it may be assumed, that sin

\. ,X cos.., 1. In this case

ev H U. 3  vb miAcos Ovt - C Hr.3 vbV mCOS )vt

C H ( + sin COvt cos O)t - C H O ' cos t =

2 C H i2 t - CT Hr.3 V m cos"i t.

(XIII. 44)

Hence it follows that in this case the e.m.f., induced in the vertical

field receiver, is determinable by the difference of two components, one

of which is specified by vertical, and the other by horizontal components

of the Larth's field, i.e.

B.3 r. - (XIII. 45)

In accordance with equation (XIII. 44), the vibtation's e.m.f.,

specified by the vertical component of the earth's field, varies with

double angular frequency of vibratiors 2 O vb' and is proportional to this

component's value and the amplitude square of deviation angle But

the vibrations e.m.f., specified by the horizontal component of the

Earth's field, varies only with angular frequency of vibrations Covb, and

is proportional to this component's value and the linear amplitude of

deviation angle 4,m"

Therefore, it is possible to write evb sin 2)W t, where
Ev.e= - C m h Eh'e
Em .e C O vb 1 v.e; chb = Eh.e coscOvbt, where E e = C COm v.e vb m vb m vb

m •h.e
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The effective values of the shown e.m.f. are the following:

\/2
A- mI.

E . = 2_f b 4 al4  . (XIII. 46)

The effective value of the e.m.f., actuated in the field receiver vy

sinusoidally varying magnetic flux H will be

Em
Em m = 2C H (XIII. 47)

where f - operating (resonance) frequency of the field receiver.

The calculation of vibrations e.m.f. in the case of horizontal

orientation of the field receiver are implemented in the same way.

.In accordance with the previously assumed condition that H =

2"10-7a/m, (the effective value of sinusoidally varying magnetic

flux = 10-7a/m), and also

C3  - 3 = 1 (XIII. 48)
Ec ec4

and taking into account formulas (XIII. 46) and (XIII. 47), from relation

(XIII. 48) we get

hi-rj, f H 2f H
oHm 2 om

.3 = 0= 0 M*;
EcsrF 2V-3 .Fvi'4/2  1;

2

(xIII. 48a)

S_ _FOIHm ToHm

S- 1 0fnHA( .f\H 1.

(xIII. 48b)
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From the formulas (XIII. 48a) and (XIII. 48b) the amplitude is determined

for the operating frequency fo of deviation angler/-m.

For instance, for the operating frequency f = 244 cps in an area with

density of the Earth's field comprising on an average 34 a/m for the

vertical component and 16 a/m for thehorizontal, we find: for the

vertical component

f To 244 122
U rb - 2 2

F.1-7
B 3 2 m oo -m= H = 20,13. 10 -3 a 27 "'
m f Ut HB.3 o

342

and for the horizontal

r.3 r H 244. 1-2.10- 7  -7
m f Hr 3  244 . 16 0,09. 10ya z. 1"

The variation amplitude of the axis slope in the field receiver with

vibrations corresponds to linear displacement (swaying) of one of its ends

in relation to the other to an extent of Ax.

In the magnetic field receiver of AERI-2 with its height 125 mm for

v.e we have Ax = 125.0.13:10-3 16.10-3mm and for h.e- xh.e
m v.e -m - Xh.e

-7 -6125.0.09.10 -7 1.13"10 mm. These negligible displacements on the

operating frequencies of the apparatus are quite likely with the suspension

of the field receiver in the outboard gondola, even more so with its

setting directly on the aircraft, specially on helicopter (154).

From the given calculation and formula (XIII.44) it follows that for

the vertical field receiver the main (decisive) factor is the vibration

interference, specified by the horizontal component of the Earth's field.

For the horizontal field receiver, as shown by a similar calculation,

the main factor is the vibration interference caused by the vertical
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component of the Earth's field.

Let us take the errorsenerging due to the incorrect initial setup of

the field receiver or random static variations of its orientation in

respect of the preset direction, very likely in conditions of flight

(for instance, in the apparatus with the outboard gondola of induction

aeromethod they are caused by the impact load on the gondola). This may

cause a substantial error in measuring.

If the random variation of the vertical field receiverb orientation

for instance, of aerial frame) is occurring in the flight plane (Fig. 239),

the e.m.f., induced in the receiver by a harmonically varying primary field,

will be

e = - C d- cos (' + ) sin O t=

-60C T Hm(cosT cos + sin 'sinb ) cos6) t. (XIII. 49)

Since the angle of deflection# is usually negligible, the term

sin- sin 0 cos-W t of formula (XIII. 49) could be disregarded. As a result

we will get

e l - W Cn HmCos- cos cos Ot. (XIII. 50)

N

\ 2

Fig. 239
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Thus, in the given case the amplitude of the e.m.f. induced

in the frame varies in proportion to the cosine of the deflection angle '.

For instance, with deflection of the frame by 100 the variation of the

e.m.f., induced by the primary field, is only 1.5%. This is comparatively

a low intensity. However, for the apparatus of some aerial induction

methods, it may be commensurable with the useful signal. In two-plane

and also in the helicopter versions of the near zone, when a second

(compensation) frame is being used, interference of this type is very

negligible, due to the subtraction of signals activated in the frames.

The additional error, emerging in this case, has practically no effect on

the total error of measuring.

If there is a spontaneous variation of the preset orientation N of

the field receiver, and direction of the tension vector of the primary field

R coincides with this direction (Fig. 240,a), the e.m.f., activated in the

field receiver, is determined from relation

e'= dt C nsinC O t = - eAC H n cOS Ot,, (XIII. 50a)

where ns - unit vector in a plane perpendicular to the plane Sp of the

receiving frame; in Cartesian coordinates

ns = insx + jnsy + knsz = i cos (+ j cos + k cosy .

In the present case

H n = H nsz = H n cosY = H cos
the mod. value of the unit vector is one, i.e.

the mod. value of the unit vector is one, i.e. (as) = i). Therefore,
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e' = -C)C Hzm cos cos 6 t. (XIII. 50b)

Generally, if the direction of the vector does not coincide with

the preset orientation N (Fig. 240, b), then with spontaneous variation

of the field receiver's orientation

e' = -)OCV H m cos I cos ot, (XIII. 50c)

as the scalar product of vectors

H n = H n + H n + Hns = H cos C, (XIII.. 51)s x szx y sy 2s

where
h n + H n + H n  H siny sin o + H yiny cos of+ H co.cosC_ x sx VsI  a sz x v 8

With normal orientation of the field receiver ( = O) we have

e =- CIT Hm cos 0 cos CO t. (XIII. 52)

The virtual increment of the e.m.f., induced in the receiver by primary

field H, is proportional to difference &E = E' - Bv, i.e.

AE = C H (cos c - cosf ). (XIII. 53)
Tr

Usually, the variation range of anglep does not exceed a few degree;

therefore, the variation of difference cos c- cos A is negligible.

Consequently, the amount of the e.m.f. increment, i.e., the error, in this

case, will be low (interference will constitute one per cents of the e.m.f.

e , activated in the field receiver with its normal orientation). Naturally,

all this holds true when there is no electric compensation of the primary

field signal.
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Considerable variations of;orientatio
n of the field receiver result

in considerably greater error. However, these variations are purely

incidental and of short duration; hence they need not be taken into

account. But if the orientation change is static and takes place during

the initial setting of the field receiver or during the flight, there

is constant displacement of indications, which could be easily noted

and compensated during the first calibration or checking of the receiving-

measuring channel.

Z Z
N

H"Hz

I" 'Ss

- " - - n,,I,'?"

Fig. 240

Thus, it may be assumed (and this is confirmed in practice) that

the error from random changing by the field receiver of the preset

orientation does not exceed 1 - 1.5%. It is subtantially less in the

apparatus of the aerial induction method, where the e.m.f., induced

by the primary field in two receivers, are reciprocally subtracted.

6. Dynamic errors of RCO (recorder of complex quantities).

The main selectivity of the measuring apparatus in the narrow band

close to the operating frequency is concentrated, as a rule, in recorder
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circuits. This means that the inertia of recorder circuits introduces

substantial distortions into the recording of normal and anomalous

signals, causing additional dynamic errors of apparatus.

Generally the analysis of dynamic properties of analogu6, ype RCQ:"is

carried out by the operative technique. According to (135, 164) the

total error of RCQ A X(S) will be depicted as

X(S) = I+K( I )  (XIII. 54)
1+K() P (S)

where X(S), K(S) and A (S) - terms, showing, respectively the input

signal X, the transmitting function of direct circuit of the system

of feedback circuit.

Expanding function ~.X(S) into series according to ascending power

S, we obtain a series, convergent with low S values:

2 S + 3
Lx(s) = (AosA1 o S + S + 31 . )x(s). (xIII. 55)

To obtain the original t X(t) each term is inversely converted

(t)= AX + A1 dX + A d2X A d3X + . . .(XII. 56)
0 dt 2! 2 3 3

dt dt

These series converge with high times t (i.e. in stable working conditions).

Thus, the error LX(t) consists of static error A (X) and of dynamic

errors, proportional to derivatives of the measured time function

A 2
A dx 2 d2x etc. Static error A (X) takes place in RCQ of

d1 t ' 24 2 o
S dt

static type (89, 135); it is usually taken into account during calibration

of the scale.

For determination of dynamic error bXdyn(t), it is often quite

sufficient to summarize two dynamic errors, proportional to the first
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and second derivatives from signal, i.t. to assume that inequeation

dX d2X
(xIII. 56) initially t const, and then - const.

Sometimes for determination of the dynamic error the application is of

a more graphic method, applicable to a majority of the described RCQ

systems, which permits judging from the ideal system, described by the

linear differential equation of the secondary order, the behaviorn of

real system, involving some equivalent parameters. The method is based on

Ishlinskyi's principle (95, 135) of reducing linear differential equation

of a higher order to a differential equation of the secondary order.

Resolutions of this equation are known for a whole series of external

effects and could be reduced to general parameters and graphic curves.

Therefore, the foremost requirement is to determine the nature of outside

effects.

According to theoretical and experimental data of aerial electric

prospecting, a considerable number of determinable anomalies could be

described either by a sinusoidal wave with frequency , or more

approximately, by a single rectangular impulse with duration T (we shall

call them "typical" anomalies). This should be accounted for in the

analysis of the secondary differential equation and it should also !b kept

in view that the interaction time of the anomaly of the measured parameter

with the measuring apparatus *Tis limited by the speed of survey v and

the width of anomaly 1:

- 2 C v (XIII. 57)U= v 1

Thus, the RCQ equation in its complete form will be written as:

Ip2 + 2np + W 2 ]D I. (t) = 2 4z j t), (XIII. 58)

where n - damping factor of system, CO o- fundamental frequency of
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undampted system oscillations; value Cin(t) is determined by "typical"

anomalies (any kind of effect could generally be estimated as calculated

anomalies).

We resolve equation (XIII. 58) at the initial zero conditions for

anomaly of the type of duration jump 1 =

1+ - e-n t sin( Ek t-

S-C ut0 t) rr p_- <O t e o (XIII. 59)
'1 o t0 1 e in(E)-

oi n k t

S-- e sin Ek( t

IPn p t >t >0 It

Here
K 2 2 2

t t oo k Wo K n

1 n- k

o= Co = C v1 n ; ; arctg n

From equation (XIII. 59) we plot curves, which make it possible

to judge the distortion of the "typical" anomaly. Fig. 241 shows curves

cfo= f ( ) for various values na t  En = 0.86 ( Wo = 41.3 rad/sec,

n = 35.7 rad/sec). These curves may also be used to determine T values,

at which considerable distortions of the measured signal anomaly are

evident in the form of a jump, and from them to determine the required paramet-

ers of the RCQ system.

Similarly, equation (XIII. 58) is resolved for anomaly in the shape

2 W-
of sinusoidal wave with duration -- = and the curves plotted in

dimensionless coordinates ( C , t ). In this case for the initial
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zero conditions we get

1 __in ( o t - 1-

(1- 2 - 2 2
1 o W4E n E 

S t sin( t -  2 )
(XIII. 

60)

where

qJ1 = arctg 1 n r2 0  k

o
-26nFk n ZT SZ

2 = arctg 2 2 n (6-
2E +E -1 o

n

Sl - 2) 2 o t Ek n t sin

o - n o t

( EOk 0et 1

F( t- ) = I sin o t - e.) -' ,,2)2 2 2
(1- 2)2+ 4 En E0 n o

0 e- 1En ( e t - 0,,) sin t - %)- 2--

Fig. 242 shows curves 0o f( 0 t ) for various values ,, calculated with

the above-taken WL0 values ( Ln= 0.86). These curves clearly show distortions

in the amplitude and shape of anomalies of the measured parameter. In the same way,

curves may be plotted for any values of factor £n"



- 627 -

0,8

0,6
0,4

3 9 11 13 15 17 19 21 23 a

,8~ '\-0,2

S0,86 -0,6

Q4 1 34 7 91t!) 15 -0,6
i ,2 -08

- ,0 12 15 20 25
0 5 10 15 8 ..

Fig. 241 Fig. 242

7. Methodical and geological errors

In the analysis of methodical intereferences (see para 6, Chapter IX),

it was pointed out that they pertain mainly to the aerial induction method

and dominate a number of other interferences. Therefore, these interferences

determine the resulting error of measurements.

With the available calculated data regarding the magnitude of methodical

interferences, it is easy to determine the methodical error caused by these

interferences (in relative and absolute values).

For the aerial induction method, with a sO uespread out in space and receiver

of the field, it is possible to determine from formulas (IX. 19) and

(IX. 20) the relative and absolute measuring errors (dimensionless)

during the reception of the vertical as well as horizontal components for

any location point of the field receiver within the variation range of the

gondola's drift angle e = 0 900.
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For the vertical component the absolute error value

H

= Alk = - 3 sin 2 0 , (XIII. 61)

relative value

H = - 6 sin 2 (XIII. 62)
v H s + 3 cos 20 6

For the horizontal component the absolute error value

H= A = 3 cos 2 0, (xIII. 63)

relative value

HA =2 cos 2

H = 2 sin 2 = 2 ctg 2 O . (XIII. 64)
r, H a s sin 20

Fig. 243 shows the curves of formulas (IX. 21), (XIII. 61) and

(XIII. 62) for the vertical component and Fig. 244 - curves (IX. 22),

(XIII. 63) and (XIII. 64) for the horizontal, calculated with variations

of angle 0 from 0 to 900. The same figures show the variation curves

of interference r and h (in dimensionless form) in relation to

angle 0 (see para 6, Chapter IX).

Analysing Fig. 243, it is possible to draw the conclusion that, in

the region delimited by angles 01 - 450 and 12 I 62 o (boundaries of

the region are marked by hatching), the relative error is very high and that

with a flexible geometry of system measuring the vertical component in

this region is inexpedient and at 0 P 540 -, is generally pointless.

As the points, at which 0 -4 00 and 0 -->900, are approached, the relative
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and absolute errors decrease, becoming zero at 0 = 0 and

0 = 900.

From Fig. 244 it followsthat in the two regions, delimited by

angles 0-100 and 80-900 (the region limits are marked by hatching),

the relative error is very high and that to measure here the

horizontal component with the flexible geometry of system is

inexpedient and, at e = 0 and 0=900 -,it is pointless. As the point

is approached, at which 09-450, the absolute and relative errors

become considerably less, tending towards zero at B = 450

With the available calculated formulas for determining the

primary field tension or its components at the location point of

the field receiver (see paras 2-4, Chapter IV), and also with data

regarding the variation of the measured component with disruption of

system's geometry (see para 6, Chapter IX), it is possible to determine

the magnitude of methodical interference. Thereafter, it is easy to

determine the real sensitivity of the apparatus and the magnitude of

methodical error, for the adopted measuring range of signal in one or

the other group in the aerial induction method.

For A13I-2 apparatus, the intensity of the signal from the vertical

component (f = 488 cps) Uv 0.6 my (see para 11, Chapter XI), and

the variation of this signal with disruption of system's geometry in

the range A 0 = ; 20 is H 17% (see Table 14). Thus, the
v

intensity of methodical interference Um.i .-; 200 mcv, and methodical

error Y3 = -zm ~5,3%. In the same conditions and reception of the
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horizontal component we have Uh,; 1.2 my (see para 9, Chapter XI),

= 5.6%, Uhm. 1 135 mcv, 3 ~ ll. For the Canadian
Hh

apparatus with parameters of source and the field receiver 
similar

to AERI-2 Uh = 1.57 mv, Hh = 0.24, Um.i. 4 mv and

3 ,. 25 .

From appropriate formulas and tables, determination of the

methodical error for induction methods is made in the same way, in

which the signals of components, picked up by two field receivers, are

subtracted one from another. In this case, the methodical error is

determined from Table 17 for the version of the rotating magnetic field

and, from Table 18, for the linearly polarized field.

For the first version, with distance between planes r = 200 m,

U = U = 125 mcv(234) and the deflection angle A 0 = A CP = 20
y z

we haveA S 0.72 (see Table 17), Um.i - 0.9 mcv, y 3; O. 7%

For the second version, with the same values of r, U and bt

for the horizontal oscillating frame with the measuring of signal

ratio we get A -19 (see Table 18), Um.i ; 24 mcv and

y 5s 19; with the measuring of signal difference - Al4.7%,

Um.i 18 mcv and a 15 ; for the vertical oscillating frame with

the measuring of signal ratiot A, 9.9y., U .i~12 mcv and 3~ ,10;

with measuring of the difference of signals - A = 7.3% un. i  9 mcv

and Y3- .

Thus, the error, caused by methodical interference for certain

versions of the aerial 'induction method, specially for those with one

place and helicopter with the outboard gondola, is fundamental; in many
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cases it is quite considerable. In the BDK (infinitely long cable)

method with the outboard gondola variation of the system's geometry,

caused by the bumping of the gondola, the same results, as in the

induction method, in the appearance of pseudoanomalies, i.e., actually

in the methodical error. This question is discussed in detail in (148).

In the application of the BDK method, pseudoanomalies from the

bumping of the gondola are of two types: anomalies due to deviation

of the field receiver from the preset horizontal position in a

vertical plane, and anomalies, obtained with deviation of the receiver

from the line of profile in the horizontal plane. The anomalies of the

first type are characteristic for the zone directly adjacent to the

cable, in which the intensity of the vertical component exceeds that

of the horizontal or is commensurable with it, whereas the direction

of the total field vector is almost vertical. This bumping of the

gondola is hardly noticeable from the helicopter. The usual indication is

the sow (with a period 5-10 sec) forward swaying of the gondola in the

flight direction. The characteristic feature of such pseudoanon&~li es~

the alternation of relatively flat field peaks, low in amplitildie, and

with sharply pointed troughs, corresponding to moments of intersection by

the field receiver of regions with low and high gradients of the field.

The pseudoanomalies of the second type appear usually in marginal

parts of the survey area where the groundings begin to affect the non-

uniformity of the field parallel to the cable. The same conditions could

be due to geological irregularities in the cable zone. The magnitudes
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of anomalies are proportional to the cosine of the angle, formed by

peak intensity vector of the field in this plane with the axis of the

field receiver.

Investigations show (148) that on low frequencies the pseupoanomalies

(with disorientation of the field receiver in the horizontal plane)

could sometimes be commensurable with the anomalies caused by geological

objects (10-20% of normal field); on high frequencies (976 cps and higher)

they become insignificant (2-3/0).

A rigid attachment of the field receiver sharply reduces error due

to its incorrect orientation, as the deviation of the aircraft during

flight from the preset course is less than the deviations of the gondola.

Connected directly with the error, caused by the variations of the

system's geometry, is an error specified by the non-linear polarization

of the primary field by the metal mass of the aircraft. In the metal

mass, which is in the high intensity field of the oscillating frame,

eddy currents, generating secondary field are being induced which

generally do, not coincide in phase with the field of the oscillating

frame. This may result in the appearance of elliptical polarization of

the primary field, thereby causing an additional error, specially in

:phase measuring. However, the experience of working with AERI-2 has shown

that on frequencies below 1.5-2 kcps, when the conductibility of the

metal mass of the aircraft may be assumed to be purely active, the

appearance of reactive component is hardly likely. This can be seen

from Fig. 195: on frequency 1949 cps, the phase variation of the signal

does not exceed 3-3.5 , and on frequency 243 cps, it is practically
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non-evident. On high frequencies this error could be compensated by

transmitters and the compensating frame, generating the alternating

magnetic field of corresponding phase and intensity, which compensates

the field of eddy currents in the metal mass of the aircraft (6, 253).

The geological interferences of the induction and other methods of

aerial electric prospecting are caused by the irregularity of surface

layers, drifts and surrounding medium. These interferences are one of

the chief sources of pseudoanomalies (measuring errors). The presence

of geological interference results in reducing the penetrating capacity

and resolving power of any method in aerial electric prospecting with

the harmonic field.

It has been pointed out (see-para 3, Chapter V) that one of the

possible methods for reducing geological error is the simultaneous

survey on two different frequencies (for instance, 250 and 1000 cps or

400 and 2000 cps). Other methods for reducing the interference of

geological origin are sufficiently fully discussed in (69, 71, 117,

251).- Some reduction of effect from the variation of the system's

geometry can be obtained by measuring the difference or the sum of

signal components from the two-frequencies field (127).

8. Appraisal of resultant measuring error in the main versions
of the aerial induction method

After classification of the main interference sources in the induction

method, quantitative evaluation of the chief ones and errors caused by them

it would be possible to determine the resultant error in measuring and

to recommend a selection of the optimum measurable parameters for one
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or the other version.

Error of the first group, i.e., the summarized apparatus error,

is natural to the apparatus in every version of the aerial induction

method. Where the measuring systems belong to the medium accuracy

class, it is on an average 4% in measuring the modulus, approximately

3% in measuring the components (due to higher interference-stability of

phase-sensitive voltmeters) aid 1-2o in phase measuring. This kind of

apparatus could be applied for exploration and mapping of extensive

areas with the use of various induction methods (plane version with

gondola let out on a cable of considerable length - 100-150 m;

"Canadian" plane version of induction; one- and two-plane versions of

V11P (rotating magnetic field); two-plane version of induction with

linearly polarized field, i.e., according to ~able 1 - versions 2;3

and 5 of first class and versions 1 and 2 of the second).

For the apparatus with sensitivity thereshold over 10- 7 a/m,

meant for detailed investigations in limited and previously explored

areas with the aim of discovering purely ore objects, error of the

above order is unacceptable. This type of apparatus (versions 1 ; 4 ; 6

and 7 of first class) should be equipped with the measuring systems of

higher accuracy, so that the summarized apparatus error would not

exceed 1.5-4 in modulus measuring and 0.3-0.50 in phase measuring.

Error of the second group, as shown by investigations, is not

so important and is mostly of random nature. If it is taken into

account that the sensitivity threshold of the apparatus in the aerial



-635 -

induction method composes 10
- 7 a/m, the continously active portion of

this error could be assumed as 0.5-1.0i. This holds true for the

apparatus of the induction method with spread out 
source and field

receiver on the condition that the field receiver is located in 
the

outboard gondola with the length of the cable-not less than 15-20 
m.

In the apparatus of Vi4P and linearly polarized field, this error

becomes reduced due to the automatic subtraction of signals.

The apparatus with combined frames, located directly on the

aircraft, is more exposed to vibrations, accoustic noises rotating

screws and electric noises from the electric equipment of the aircraft.

With sensitivity threshold 10
- 7 a/m and effective protection from

vibration, acoustic and electric noises, the constantly active portion

of error of the second group-still increases, comprising 1.0-1.5%. The

peak of the error falls to low operating frequencies (100-250 cps), on

which it could be upto 3-5%.

An analysis of the three groups of errors shows that the third

group frequently determines the selection of the measurable 
component

of the resulting field from the stand point of assuring the minimum

error. For4i Tables 14 and 16, it is possible to determine which of the

two components - horizontal or vertical - is preferable with the

variation of the system's geometry for field reception in one or the

other version of the first class induction method. If the drift angle

of the gondola 0 is zero or 900, it would be more expedient to measure

the vertical component, but if O = 450, - the horizontal component.

With the application of combined frames, it is expedient to use the
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horizontal component.

In the apparatus of the induction method with the drift angle of

the gondola 0; 45 and 900, it would be more rational to apply the

simple method of electric compensation of the signal by a circuit of

invariable initial phase of the compensating voltage, matched with the

initial phase of the primary signal. As shown by Fig. 174, a, with

penetrating compensation and insignificant variation of the system's

geometry, it is also possible to measure, besides the modulus and

orthogonal components of the signal, directly phase shift CPx CP 2

It is expedient also because, according to the curves in Fig. 56 and

57, it is possible to determine from the measured angle Cpx~ P 2

2
parameter y a . In the other methods of electric compensation and

other versions of the induction method, the implementation is of

relative measuring and the results obtained cannot be directly used

for determination of the absolute value of the phase parameter.

Thus, it may be assumed that the resulting error of the first and

second groups ( + 100) has, on an average, the
second groups ( Yres 1 +  2"

following values (132):

a) for survey investigations with the measuring of modulus Yres =

5-5.5%, component Vresm = 4.545%, Y res = f4.5% from the 45-degree

scale of recorder;

b) for detailed investigation with the measuring of moudlus res

2-3%, component 2-t-;- 2.Scomponent rem = 225 res, = 1.7L2.2 from the 45

degree scale of recorder.

It should be methioned that the versions of the induction method
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systems, meant for geophysical survey investigations, may consist of

a set of apparatus, permitting simultaneous recording of several

parameters of the resultant field signal on two essentially different

operating frequencies. It would also be expedient to supplement these

systems with the apparatus of other aerogeophysical methods. The systems

meant for detailed investigations in previously explored areas, due to

the necessity of increasing the measuring accuracy, usually record one,

the most effective, parameter of the signal and, as a rule, on one

operating frequency.

Table 24 gives the values of average errors of the basic versions

of practical induction methods and also the recommended methods of

electric compensation of the primary field signal and the optimum

measurable parameters of unbalanced signal.

9. Error in radio-transmission of the main signal.

Recording of Px and Ux by the measuring apparatus of the BDK

method requires transmission of the main signal Um from the ground

generating unit to the mobile measuring unit. With absolute measuring

of (x, it is necessary that the Um phase in relation to the circuit

in cable i1 should be known (it is preferable to have (J = 0) and be

constant in time.

The phase errors of radio-channel for the main signal A cpm could

be shown as the sum total of errors inits individual elements:

A cp, 6 5.)P, ±+ At, + 6h5 ) .

where phase errors of comparative voltage take off system; LCPf

-phase errors of radio-transmitter; A (I _ phase errors, caused by the
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expansion time of the main signal in ether; / Cf2 - phase errors of

radio-receiver.

As shown in (57), the phase errors of the system for taking off

comparative voltage from the line with current I1 are low - upto

ac .g9 =30-40 min on all the operating frequencies.

The phase errors of radio transmitter AD are determined mainly

by the non-uniformity of frequency and phase characteristics 
of the

modulator and are quite high. To eliminate these errors, the set of

ground apparatus includes high-frequency detector KD of control (see

Fig. 251), indicator 0 and phase-inverter of radio-transmitter F-1.

The inner phase shifts of the system are eliminated in calibration

when the same signal is delivered at both its inputs.

The phase shift of control detector KD could be calculated from formula

A. l= arctg 2 7U FR HC , (XIII. 66)

where F - operation frequency of modulation; R1 - load resistance of

detector; Cb - blocking the condenser of the detector.

Phase characteristic of the detector is a straight line, the slope

of which with low R1 and Cb could be taken as quite insignificant.

Given below are the values of bep4 at R1 = 50 kohm, Cb = 100 pf

and various modulation frequency F:

F, cps .. .. 81 244 488 976 1952

ACg d' rad . . 0009'  0026 '  0053 '  1046' 3030 '

In accordance with this data, the phase shifts upto frequency 976 cps

are negligible and could be disregarded; only on frequency 1952 cps the

phase error of the detector should be taken into account or, if possible,
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compensated. The phase shifts of radio-transmitter hACPrec could be

compensated by phase-inverter F-1 with error A q9d; therefore, in

further analysis, errorA CPrec, included in formula (XIII. 65), need

not be estimated.

The phase error of the main signal radio-receiver is composed of

the errors of its individual stages:

Acp - +Pd &nb-~ (XIII. 67)

where A C hfa' A cp Ch d and CPfa - the phase error

respectively of the intermediate frequency amplifier and transformer,

detector and low frequency amplifier.

By an appropriate selection of detector elements R1 and Cb, the

total phase error could be reduced to one constant value (for instance,

to 900) at all the operating frequencies F. Therefore, the phase errors,

both on the transmitting side of the main signal radio-channel and on the

receiving, could be reduced either to very low or to any known and time-

constant value.

lieturning to equation (XIII. 65), it can be noticed that only the

phase error &CPef is found to be undetermined. It is well known (2, 72,

110, 247), with proragaLienthrough ether of the main signal as high-

frequency modulated oscillations the latter are subjected to phase

distortions, firstly, due to the final time of radio-wave propagation from

the transmitter to the receiver and, secondly, due to the effect of the

ground, above which the radio-wave is propagating. Since the main signal

is received at small distances (30-50 km), i.e., the earth wave is being

used, the effect of ionosphere is not estimated.
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Table 24

Class of method Averaged error, % Method recommended Perceptible field compon-
Description of version external t c resurtant for electric ent. Optimum measurable

factors compensation parameters of unbal.sign.

1. Helicopter version with M 1,5-2 1st scheme of simple Vertical. Modulus, phase
source and receiver in K 1,5 ,5-1 2 3 methods, 3rd of or reactive component.
one vertical plane (e-o0 ) F 1,5 complex methods

e 2. "Canadian" (plane) version M 4 1st scheme of simple Horizontal. Modulus,
Pwith outboard gond.(O -+50 ) K 3 ,5-1 1 I. 4,5 methods reactive component
C F 3,5-4

3. Plane with outboard M 4 1,2,3-d schemes of Vertical. Phase and
gondola (e;65o) K 3 0,5-1 33 34 complex methods, reactive component. Differ-

F 3,5-4 ence of components. With
* 3-d - modulus and phase.

4 4. Plane or helicopter with M 1,5-2 I.st scheme of simple Vertical. Reactive compon-
o source and receiver at K 1,5 ,O-1,5 3 4 methods. 3-d of ent. or modulus and phase.

same altitude(60190) F 1,5 complex. 3-d scheme modulus and
l phase.

W 5. One plane VMP M 3 Mod. phase and components
o K 2,5 0,3-0,5 46 --

F3
-)-

6. One generating, two M 1,5-2 Vertical. Modulus or
receiving frames K 1,5 1,0-1,5 2,5-3,5 4,5 -- phase

F 1,5
-H a,

a 7. Coplanar or reciprocally M 1,5-2 1st simple, 3-d Horizontal. React. comp.
o perpendicular frames K 1,5 1,0-1,5 2,5 composite methods or modulus and phase

F 1,5

S1. Circular VMP M 3 Mod., phase and compon.
K 2,5 0,3-0,5 1,0-1,5 3,5 --- Mod. ratio of signals.

0 k F3

a 2. Induction with linearly M 4 Mod. ratio of signals.t d polarized. field K 3 0,3-0,5 4 12 13 --- Phase shift between them
F 3,5-4 Modulus difference.

N.B: 1. Legend: M-modulus, K-component, F-phase. 2. In all the., versions error in .phase measuring is reduced to phasemeter scale
450* 3. For the 2nd class version it would be expedient to apply vertical osci-llating frame.

FOLDOUT FRAME FOLDOUT FRAME
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Thus

tcp 4  %5 6 (XIII. 68)

where ECpt - the phase shift due to the propagation time of radio-

wave: qC a - the phase shift due to the ground effect.

The phase shift of modulating voltage qCPt depends on the

ratio of carrying and modulating frequencies;

E (Pt= b CPf F (XIII. 69)
f '

Here F - modulation frequency, f - carrying frequency, SCP f

phase shift of high-frequency oscillations.

t= 2 , d (XIII. 70)

where d - distance between transmitter and receiver; c - propagation

velocity of light.

From equations (XIII. 69) and (XIII. 70) we get

et = 2t CdF
=27[ , , (XIII. 71)

i.e. the phase shift due to the propagation time depends only on

distance d and the modulating frequency and does not depend on the

carrying frequency.

Table 25 shows that the phase shift b cPt increases with
increasing distance d and operating frequency F. In production

determination of E and CP at the ends of survey, traversed distance d

may be upto 20-30 km; therefore in the interpretation of px diagrams

it is necessary to bring in corresponding corrections for bq9
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Table 25.

F,cps d, m Ocpt, degr.

100 0,00972

81 1000 0,0972
10000 0,972

100 0,0293
244 1000 0,293

1000C 2,93

100 0,0586

488 1000 0,586
10000 5,86

100 0,1172

976 1000 1,172
10000 11,72

100 0,234

1952 1000 2,344
10000 23,44

The additional phase shift due to the effect of the ground, above

which the radio-wave is propagating, depends on its parameters -

dielectric constant E and conductivity C, and also on distance d

and frequencies F and f. The emergence of this error the same as in

the case of b40 t, is explained by the phase shift of high-frequency

oscillations:

bqp = , ,c F-- (xIII. 72)

where )CPqt - the phase shift of high-frequency oscillations due

to the ground effect.

The expansion of function (d, F, f, t 6 ) involves a

great number of mathematical operations . It may be mentioned that



in unsuitable conditions (with the radio-wave propagation above the

dry ground C* = 4 and a = 10-3 ) at d = 10 km, F = 10 kcps,

f = 2 -icps we have bcpc = 45030 '. With operations on the highest of

the recommended frequencies for the BDK method (1952 cps the & E q will

accordingly be five times lower.

The additional phase shift C6 e , caused by parameters of the

medium, above which radio-wave of the main signal is propagating, is quite

insignificant in respect of shift Scp t. It decreases above a wet

ground, is very low above fresh water and practically non-present above

sea water. With a reduction in the carrying frequency, the magnitude of

b cP increases. However, the total value of a , as pointed out,
q q

is insignificant and it may be assumed CPef ' Y t

Thus, analysing the phase errors N CPm of the main signal radio-

channel/see formula (XIII. 65), it is possible to come to the conclusion

that all apparatus errors could be either compeneated, or they have a

constant value and are accounted for in the interpretation of (Px

diagrams. With operation on low audio frequencies (81 and 244 cps) and

short distances from the radio-transmitter of the main signal to the

receiving and measuring apparatus the variable error aL ef is low and

could be disregarded. dith operations on high frequencies (976 and 1952)

and long distances, an appropriate correction should be made in the

interpretLtion of q9x recording. It would be expedient to plot for this

purpose either tables or curves o fofof = f(d, F).

10. Calibration of receiving-measuring channel

The receiving-measuring channel is usually calibrated for the

checking and setting of the required working amplification factor of the



amplitude (modulus) measuring channel, the checking of working 
sensitivity

of the magnetic field receivers and of good working order of individual

blocks of apparatus. Calibration contributes to increase the accuracy of

the measuring apparatus in productive conditions. This question 
has been

thoroughly dealt with in (59, 90, 126).

In AERI-2, calibration is composed of three stages and includes,

consecutively, the measuring amplifier, the transmission channel 
of the

signal from the input of the gondola amplifier to 
the output of the

measuring amplifier and the entire receiving-measuring channel (including

the magnetic field receivers).

Calibration is implemented in the following order. As a preliminary,

in the laboratory or at the base airport the working pickup of the

magnetic field receivers is checked. The checking should 
be conducted in

accordance with the diagram shown in Fig. 84 or Fig. 245. The sensitivity

of field receiver Sr should be estimated from formula (VII. 26b and c).

If there is an assurance that the sensitivity of the field receiver

corresponds to the preset working value, the receiving-measuring apparatus

could even be checked in productive conditions, i.e., during the flight.

The first to be calibrated is the selective measuring amplifier,

after which the calibration signal, delivered to the receiving channel,

acquires it s nominal intensity.

Block diagram of the selective measuring amplifier in AERI-2

with calibration elements is shown in Fig. 246. The calibration circuit

includes resistance amplifier, which is fed comparative voltage used as

calibration signal, and vacuum-tube voltmeter, previously graduated from

a standard device. The error of the vacuum-tube voltmeter does not exceed
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1-2 b. Comparative voltage from the quartz master oscillator varies at

various frequencies from about 2.9 to 3.9 v; therefore, to obtain nominal

intensity,the calibration signal requires its adjustment, which is

implemented in the resistance amplifier and is controlled by the vacuum-

tube voltmeter. This amplifier raises the level of the calibration signal

upto 15 v - optimum level of working voltage for the circuit of the tube

voltmeter. By setting the calibration signal according to this voltmeter,

the required calibration voltage, fed to the input of the selective

circuit, is obtained automaticaly. In the resistance amplifier, the

adjustment elements fix the required amplification factor of the selective

measuring amplifier.

- Key to Figure 245;/

KoT ia "-
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dvol age. K 1B Mempy Kpece- j, To phase meter;

d, Selector k, To recording
circuit; k•

e, Cathode Fig. 246 1, module;
repeater;

;f, Attenuator;
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The receiving channel is calibrated separately on channels of

low and high frequencies by feeding to the input of the receiving channel

certain intensity of the calibrating signal with subsequent measuring of

the output voltage from the gondola amplifier which, during calibration,

should be the same on all the operating frequencies. Deviation of the

output voltage from nominal may indicate, for instance, some defects in

the receiving coils, in the input system or detuning of the magnetic field

receiver. Depending on the magnitude of deviation, either the checking or

adjustment of the channel is required. The method of this calibration for

one channel is explained by the diagram shown in Fig. 247.

The comparative voltage U
coml, used for calibration, arrives at 

the

block of the selective measuring amplifier where, after the amplification,

the calibration signal is measured by the vacuum-tube voltmeter of modulus

meter (tumbler Bk2 is in position 2). By means of potentiometer R8 9, the

comparative voltage is set at an intensity at which there is a complete

deviation of the voltmeter's indicating needle. This voltage is the

initial one for calibrating the whole of the receiving-measuring channel.

The active divider R100- R102 of sufficient accuracy serves for

delivery at various points of the circuit of the calibration signal of

different intensity. The first to be calibrated is the amplification in

the selecting circuit and RC-amplifier (with tumbler Bk1 in position 2,

tumbler Bk2 in position 1). A certain portion of the calibration voltage

from divider R100 - R10 2 is delivered to the input of the selective

measuring amplifier. By means of potentiometer R63 the amplification

factor is set in RC-amplifier of a value at which there is complete
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deviation of voltmeter's needle.

_-r--------S-- -- -- 36Upame/bHbl 3MepulbllCIUl7m/lb i ioHana

K 0'8 KOHonoa

Key to Figure 247.
"  1 u, b 3Lp oMo bum'uo--

a, Selective measuring\ 2 8K, HRC 0 BKRO 2 82
amplifier, channel
to FCHV Channel I; R o R,, e CUb Umen,

b, Selection circuit; I Kau6p8HOe I

c, RC-amplifier; c R88
d, VTVM; ---
e, Calibrated signal L

amplifier;. U xA A hme UoA,0 K

f, Stabilized rectifier\ f eonouno h
of gondola amplifier; KoMneHcaGmf Ux, amOPY

g, G*annel I compensator; no Tpoc- oeb

h, Channel II compen- .rotniadoi'

sator; cul umea
i, Connecting cable;
j, Gondola amplifier;
k, Receiving antennas. -k p

Fig.247

For calibrating the measuring channel of the components, the phase-

detecting voltmeter of the same channel is switched over to measuring the

active component and the same measuring limit is set as for the modulus

meter. By the adjustment of the FD-voltmeter through the amplification

factor, total deviation of the needle is obtained in the direct counter

of the component. (Prior to calibration with quadrant phase-inverter,

zero adjustment of phasemeter should be made in the circuit of the main

signal).

For calibration of the receiving channel, a portion of the calibrating

voltage from divider R1 0 0 - R10 2 (Ucal = 0.5v) is delivered into the

stabilized rectifier block of the gondola amplifier remote energizing and

hence into gondola amplifier. The tumblers BkI and Bk2 are in position 1.

If the measured (i.e. calibrating) voltage deviates from the preset
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intensity of 5 mv, its nominal intensity should be set by adjustment of

the amplification factor in the whole measuring channel (in this case

Ktot= 1.5'106) . The passing of the calibration signal through the

stabilized rectifier block of the gondola amplifier is explained by the

diagram shown in Fig. 248.

From the measuring group of channel 1, the calibration signal is

delivered on tumbler Bk directly, and of channel II - on tumbler Bk through

voltage divider R1 5- R16

C3- I A- 7

4r R4 C 3

31 R

The need to reduce the intensity of channel II calibration signal

ten times in comparison to channel I is due to the fact that the

sensitivity of the field receivers on high frequencies is considerably

higher than on low frequencies; therefore, the voltage of these

frequencies at the output of the gondola amplifier also differ

considerably. The division of the calibrating signal of channel II

immediately at the input of the gondola amplifier is rather difficult

owing to the build-up of parasitic inductions on this divider.

During calibration the switching on is either of Bk 3 or Bk 4 ; and
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relay Pl, while operating, delivers the calibration signal by

separating capacitance C8 to unit controlling anode current of the

stabilized rectifier with transmission factor of one. On direct

current voltage 120v is superimposed the alternate voltage of the

calibration signal for further tranmission to the gondola amplifier.

Resistance R1 8 , cut-in to the unit of the anode current control,

assures steady work of the stabilizer with the cut-out calibration,

and resistance R14, connected in series with the seperating condenser

C8 assured steady work of the stabilizer during calibration.

A detailed diagram of the whole receiving channel calibration

is shown in Fig.. 249. Simultaneously with relay R1 in the stabilized

rectifier block, operates relay R1 1 of the gondola amplifier (+ 27v is

delivered to this relay by the third wire of the cable), which connects

the branching node of dividers of the calibration signal to the

calibration channel (see Fig. 117).

From divider R14 - R48 (resistance R13 could be disregarded due to

its low value) the calibration signal is delivered through the contacts

of relay P5 and P9 to the input of the gondola amplifier channel II

(position 9 of finder SHI 2 ; sec para 2 Chapter X). If the brushes of

finder SHI 2 are in position 10, the calibration signal from divider

R13 , R48 , R1 4 gets delivered, through the contacts of relay P2 and P7,

to the input of channel I. The magnetic field receivers are cut out in

both the cases.

To compensate for the partial voltage loss of the high frequency

calibration signal on divider R15 R16 in the stabilized rectifier

block, divider R14, R48 R13 of the gondola amplifier divide this signal

in the ratio 100: 1. Thus the delivery of calibration signals of the
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same label is assured to both the inputs of the gondola amplifier.

The latter's output voltages are then checked in the appropriate channels

of the measuring group.

In positions 1-6 of the finder's brushes, the gondola amplifier is

calibrated jointly with the field receivers.

a faSCmo6u3upoatl 1- b ycunumen

Sbe pRgumenb

I U
b e Y3er; Ib cUc IeynpaeU UKn C

H h I i I

a, Stabilized rectifier b hannel I I; c, Anpdcurrent control unit

h, HF channel; i, LF channel. ,i.

-Fig. 249.. !

R1, R'1 and R14 ; relay P7 and P9 are both in working condition. In this

case relay Pt operates also for tuning the magnetic antenna of low
frequency to the operating frequency and,through divider R1  , Rc, the

calibration signal of the operating frequency is consequtively input into the

antenna circuits. The calibration of channel II is carried out in the

same way (relly P 9 and Pt are in operating condition and divider R1 R'9 O
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is cut in).

The value of resistance R (R) for various operating frequencies
c c

is determinable from the condition of obtaining the required sensitivity

of the field receiver with subsequent connection of this resistance into

its circuit. The value of divider resistance R1, Re (R', R') (or division

ratio) is so determined so that the calibrating signal input through this

divider into the receiving circuit would activate in it similar ~r all

working frequencies e.m.f., of 5 mv, and the output voltage of the gondola

amplifier should be 0.5v on all the operating frequencies.

At the end of the calibration, relay P1 1 is de-energized and the common

branching point of the calibration divider becomes closed on minus through

the contacts of this relay, thereby protecting the input circuit from

parasitic inductions from the anode chain.

The given scheme of calibration makes it possible to obtain constant

equivalent sensitivity in respect of the field, regardless of the fact that,

during the survey, some elements of the receiving-measuring channel may

partially change their parameters and, moreover, it permits reduction to a

considerable extent of the error of measuring of the apparatus. The

shortcoming of this scheme is that the apparatus is calibrated not directly

from the known magnitude of the magnetic field, as in the use of Helmholtz

coils (111), for this purpose but from a known intensity of voltage, input

into the oscillating circuit. In the scheme of Fig. 250, an artificial

voltageU is generated at the input of the gondola amplifier proportional

to the required magnetic field H and corresponds to the selected

calibration range.

U voltage, controlled by voltmeter, is fed to control the tube gridc
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Key to Figure 250:

a, .Control

a b c -C RZ voltmeter;

CP b, DC stabilizer;
KonmponbHb Cma6unu3amop rodobHb LII U c Gondola
lonbmMemp nocmosrHHeb amplifier.

Fig. 250

in the stabilizer of the constant current voltage, which energizes the

filament and the anode-screen circuits of the gondola amplifier. At

the stabilizer output, simultaneously with the constant component,

appears the alternate component of calibration voltage (59, 90):

K =K Uk\

where K - transmission factor of the stabilizer.

Calibration signal Uc, through circuit C R2R1 will enter the

receiving circuit L, C as U voltage, causing pearance in the circuit

of voltage

E1 k (XIII. 73)

where Q - Q-factor of circuit LC R
c p1

Under the effect of the vector component, the magnetic field for

instance H x, there is activation in the circuit of e.m.f.

E2 Sok H x (xIII. 74)
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where So - initial sensitivity of the receiving coil on the operating

frequency.

The transmission circuit of Uc signal could be made relatively

stable and, thus, with an appropriate selection of divider CR2R1 , to

calibrate the system on various operating frequencies according to the

known magnitude of field Hx on one of the measuring ranges of the

apparatus. Thus, in AIRI-2 and AEMA-2, calibration by this method is

carried out on limit 10 mv.

The calibration of the measuring channel, in accordance with

described method, could be implemented during flight and when the

number of wires in the cable is limited to three.

The specificity of the combined zone method (BDK) (see para 5,

Chapter III) does not permit the calibration of the measuring unit to

be implemented as simply as in methods of the near zone. In the latter

case, in the immediate vicinity to the receiving-measuring apparatus of

the primary field exciter checking of the amplification channel from

the magnetic field receiver to the recorder is not particularly difficult.

in the BDK apparatus, the emitter and receiver of the field are spread

out at considerable distahce and the main signal, which reflects the

current phase in the cable, is transmitted by radio-channel. The

removal of aircraft from the sender of the main signal also introduces

uncertainty in the initial phase reading, as the phase shift depends on

this distance. Therefore,the correct choice of calibration for the

receiving-measuring apparatus in the BDK method is of the utmost importance,

specially the choice of calibration by phase.

One of the systems, permitting the carrying out of calibration by
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Hx with accuracy upto + J and by Hx upto 1% directly during the

flight, is shown in Fig. 251. The calibration is implemented by

means of the induced field, generated by KG winding specially wound

on the gondola, implementing function of Helmholtz coils. The

current in KG winding is set by the comparative Voltage of preset

frequency U' by means of voltage divider R1, R2, From low-frequency

master oscillator KZGF through phase-inverter F-l, the modulating

voltage is delivered to radio-transmitter R and, in the form of

high-frequency oscillations, modulated in amplitude, emits into the

air,. The phase of the main signal is controlled by control detector KD

and control circuit 0, which could be implemented as a zero indicater

or oscillograph. Two voltages are fed to 0 circuit - U and U (from

the control detector). It is assumed that the detector does not bring

in phase errors in the demodulation of the main signal, or that if they

do take place, they are previously got compensated in this block. The

same requirements are extended to circuit 0 also. In the presence of the

phase shift between the U and U voltages, it is eliminated by phase-

inverter F-1. The position of switches P1 and P2 corresponds to the

work of the apparatus for calibration, when into the grounded cable A -B

no current is supplied from the power amplifier Y..

Phase characteristic of receiver H' is corrected with an account
p

of natural shifts in the elements of the receiver and additional phase

shift due to the propagation time of radio-wave between the radio-

transmitter and the main signal receiver. Therefore U' voltage, at the0

moment of calibration may be taken as corresponding in phase to U

voltage on the transmitting side. As a result,the current in KG coil
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reflects almost completely the state ofL U voltage at a given time,
0

i.e., its phase, which is exactly what is required for the calibration.

In calibration by amplitude and phase, according to the scheme in

question, it is necessary, for eliminating additional phase error due

to the propagation time of radio-wave between the sender and receiver,

that at the moment of calibration, the helicopter with measuring

apparatus should be at a certain distance from the transmitter of the

main signal. The radius of this circumference could be 5-10 km with

deviation, during the flight, - 1-2 km.

Calibration proce-dure by phase is as follows: on the operating

frequency, the KG coil generates the current, the intensity of which is

controlled by voltmeter V, connected to divider Al, R2 with a preset

division ratio. Thus in the receiving coil I K a certain e.m.f. is being

induced from the magnetic field H . By phase-inverter, F, connected into

the circuit of the main signal Uo, phase recorder IT- c9 is adjusted at

zero. The mea-sured signal gets delivered to recorder rT - Lf from receiving

coil r K through amplifier Y and modulus recorder r -M.

a
PaduoKINI.

3r4D -1 49 P/ 7p V

P 4VD fl-c ,Key to Figure 251:

0 R2 n- .a, Ra.d o channel.,

A

Fig. 251.
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Calibration by amplitude is carried out simultaneously with

Calibration by phase. With this aim, the current amplitude in coil KG

is controlled more carefully (by block V). Indication of recorder f -K

to check the mark of the scale by varying the amplification factor of

amplifier in the amplitude measuring channel.

The cable field, which has the current phase coinciding With the

main signal phase, is generated by switching over of switches n 1 and

72 into position 2. The operating current is input into A-B 
cable

from amplifier Yi. Phase-inverter F-2, by the control device of scheme O,

adjusts zero phase shift between voltages Uc and AU. TheAU voltage is

delivered to scheme 0 from the voltage take-off system CO, reflecting the

same phase as current I in A-B cable.

The described calibration technique by phase and amplitude, eliminates

the uncertainty of initial values Px and Hx and permits the study of their

variations within the survey area without additional apparatus distortions.

Moreover, with this calibration there is no primary field of the cable

which, in other cases, is an interfering signal (90, 118).

11. Reducing effect of interference impulses.

The measured signal in aerial electric prospecting may be

superposed by considerable interference impulses, generated nostly by

operating radio-stations and atmospheric discharges. In many cases, the

level of the interference impulses is quite considerable, exceeding the

level of the measured signal several times, which hampers the normal

work of the apparatus and increases the variation error.
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Key to pFigure 252*
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Fig. 252. '"'-

To reduce the effect of interference impulses, penetrating through

the field receiver into the measuring apparatus, application is sometimes

made of special systems for their limiting. These systems could be based

on a higher system of protection against interference in radio-receivers

consisting of a limiter and two linear transformers of spectrum

(Fig.. 252) (60). The operation of the system is based on transformation

of the spectrum and taking into account the fact that the intensity of

interference impulses of the spectial components within the operating

frequency band of apparatus (300-5000 cps) is actually independent of

frequency, whereas the intensity of working signals of the spectral

components quickly decreases with its rise.

Fig. 253 shows the transformation structure of the working signal

and interference impulse in the limiter of these interferences. Input

oscillations, containing the working signal and interference impulses

(Fig. 253, a), are fed into the input of the first linear spectrum

transformer, the transmission factor of which increases with frequency.

In the simplest-way, this transformer could be assembled as a differentiating

RC-chain. Due to this transmission factor of the first linear transformer,

the useful signal at its output will be dampened to a greater extnet than
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the interference impulses. As a result, the level of the useful

signal at the output of the transformer will drop noticeably, whereas

the level of interference impulses will change very little (Fig. 253, b).

From the output of the first transformer the useful signal mixed

with interference impulses gets delivered to the limiter, the limit

threshold of which is higher than the maximum level of the useful signal,

and hence - to the second linear spectrum transformer, with the

transmission factor decreasing with the rise of frequency. The second

transformer performs inverse to the first one transformation of 
the

spectrum of oscillations and, as a result, the relative 
level of the

useful signal increases to its normal value (Fig. 253, c). The simplest

way to assemble the second linear transformer in the form of integrating

RC-chain.

t

6
Fig. 253

Block diagram of limiter (O l ) of interference impulses worked

out in application to the apparatus of aerial electric prospecting and

which takes into account the specific nature of its work (fixed operating

frequencies, high dynamic range of input signal), is shown in Fig. 254
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The system's limiter is assembled with a follow-up limitation

threshold. The principal diagram of O0 Hl , applied in the compensator

of AERIS apparatus, is shown in Fig. 182.

The signal of operating frequency picked-up by the field receiver

arrives at the 0 HT1 input, where there is a ten-stage attenuator 1

with stage divisions 10 db each. Attenuator A is so estimated so that

voltage taken off from it is about 500 my with the variation of input

signal from 500 mcv to 5 v. Since the level of 500 mcv is insufficient

to assure normal work of the limiting circuit, a two-stage amplifier 2

is connected directly after the attenuator with the amplification factor

104.L , L5 in diagram in Fig. 182), encompassed by reverse feedback of

20 db (R68 - R6 9, C21). Thus, the signal with intensity 500 mcv is

amplified 103 i.e. upto a level of 0.5 v. Interference impulses, on

passing through the attenuator and amplifier, undergo the same level changes,

as the useful signal (see Fig. 253). From the output of amplifier 2,

voltage containing the useful signal and interference impulse, arrives

at the differentiating RC-chain 3 - the first linear transformer of the

spectrum. This chain for each operating frequency is composed of resistances

75 - R77 and condensers C26 - C28 and is held together by means of two

plates of the five-position switch Fi1 (see Fig. 182). Elements of the

chain are so matched so that the useful signal of any of the five

operating frequencies is attenuated 15 times, whereas the level of

interference impulses remains practically unchanged. Thus the noise/signal

ratio at the output of the chain increases approximately 15 times. In

order to obtain, the transmission factor of the first linear transformer

of the useful signal close to-one, a one-stage amplifier 4(L6,a) with
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amplification factor 12, is set up at its output. From the output of

amplifier 4, voltage arrives at the limiter with the follow up

threshold (L6, b ; L7 ; L8),, assembled on a circuit of parallel diode

limiting.

2 3 4 5 6 7 8 9

Input To readout
signal rit

Fig. 254

The integrating chain 6 - the second linear spectrum transformer,

connected after the limiter, is assembled as resistance R8 3 and a set

of capacitances C35 - C39, cut in by switch Fl in accordance with the

operating frequencies. The integrating chain attenuates the level of

noises, remaining after the limiting, in relation to the level of the

useful signal (see Fig. 253, c). For a more effective suppression of

noises, the elements of the chain are so estimated :, that its time

constants correspond to the period of the operating frequencies.

From the output of the integrating chain, the signal arrives at

amplifier 7 (L9) with amplification factor 10, hence at cathode follower

8(L9) , at the output of which is cut in attenuator 9, reverse in relation,

to attenuctor 1. The last .three elements of the circuit are meant for

reducing the level of the useful signal at the output of 0 N to the

same level as at the input. Moreover, amplifier 7 compensates the 180-

degree shift, brought in by amplifier 4 to the useful signal. Thus, the
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common transmission factor of 0 1F7 is obtained almost one,

which assures the transmission of the useful signal practically

without damping with .the highly attenuated level of interference

impulses.



CHAPTER XIV - EXAMPLES OF CONSTRUCTION OF
APPARATUS FOR AERIAL ELECTRIC PROSPECTING

1. AERI-2 apparatus of induction aeromethod

AERI-2 apparatus was devised and produced in two sets on

the order of the Ministry of Geology, USSR, on the basis of

results obtained with the first test apparatus of the induction

aeromethod AERIS. The AERIS (Fig. 255) was meant for the

confirmation of theoretical postulates and for proving the

effectiveness of this method; therefore, it was not quite a

complete apparatus, suitable for productive operations,

However, method testing and some productive operations have

proved its sufficiently high meterological qualities and confirmed

the value and effectiveness of the aerial induction method.

Fig. 255

The scheme of the AERIS apparatus (Fig. 256) permits the
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measuring and recording, simultaneously on two frequencies

of the following parameters of the resultant field: modulus,

phase and active or reactive component of the signal, induced

in the field receivers, and the difference of components on

two operating frequencies. The main signal could be combined

with current phase in the oscillating frame. The double-

frequency operations were implemented on the following

combinations of operating frequencies: 488-976; 488-1953;

488-3906; 488-7812; 976-1953; 976-3906 cps.

The low-frequency section of the oscillating frame was

tuned into resonance, and the output power of the amplifier was

400 watts. The amplifier of the high-frequency signal provided

power on an active load of about 250 watts. The sensitivity of

the receiving frame on low operating frequency was approximately

12.4 --- ; on high - it increased considerably, comprising on

v
frequency 7812 cps 73 -a- . The lower measuring limit of the

signal amplitude (modulus) was 5 mcv.

As a result of a number of method testing and productive

operations the following main defects were defined in the AERIS

apparatus:

1. Non-presence of frequency division filters in the supply

circuit of the oscillating frame does not make it possible to

perform reliable double-frequency survey due to overstrain in

the output circuits of the generating system.

2. Circuit coherence of measuring and recording the channels

of the modulus and components does not permit their simultaneous
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measuring and recording.

3. Comparatively high altitude of light (180-200m), specified

by the safety technique of piloting and insufficient power of

the generating system for this altitude limit the extent of the

survey.

4. The application of recorders CK-100 and CG-17, inadaptable

for operating in flying conditions, makes servicing of the

apparatus difficult and lowers the quality of recording.

Thus, one of the main t chnical requirement of the newly

developed apparatus was to make possible simultaneous operations

of two frequencies with higher magnetic moments of the oscillating

frame. The first part of this requirement in AERI-2 was met by the

application of dividing filters, cut in between outputs of a two-

channel generating system and sections of the oscillating frame.

Increment of magnetic moments of the oscillating frame in two-

frequency operations, with preset area and number of turns, was

attained by increasing the power of the whole generating system

and currents in sections of the frame, and also by tuning these

sections to the corresponding frequencies in operations on two

frequencies simultaneously.

Developed block diagram. The simplfied block diagram for

single-frequency operations is shown in Fig.. 257. For a possible

operation on the second frequency, a similar channel has been

provided. The activation of one- or two-frequency magnetic field

is effected by the generating system (generating group and

oscillating frame) which, moreover, should supply to phase-



- 664 -

sensing blocks of the measuring group comparative voltage,

and to the compensator - the compensating voltage. Provision

has been made for matching these voltage phases with the

current phase of each operating frequency in the oscillating

frame.

Key to Figure 256: a k, Power unit for
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The generating group is composed of the master oscillator 1,

the power amplifier 2, the supply block 3, the dividing filter 4,

the tuning block 5, the oscillating frame 6 and the standard

aviational transformer 24 for the supply of current to the

apparatus from the aircraft network.
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Fig. 257

The master oscillator with quartz crystal control of
frequency, generates oscillations of high frequency of 3898 cps

with its subsequent division for obtaining the preset low

frequencies (1949; 974; 487 and 243 cps). The output signal of

the corresponding frequency is amplified by the power amplifier

and delivered to the oscillating frame through the dividing

filter and tuning block. The dividing filters assure a stable

two-frequency operation of the genetating group; by means of

the tuning block, the corresponding section of the oscillating

24 L -- - - - - -- - - - - -

frame is tuned into resonance.

The measuring block is meant for measuring and recording, on

two frequencies of modulus, phase, the active and reactive
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components of signals, induced in the receiving elements by the

anomalous magnetic field, and also of difference or sum total 
of

the active or reactive components of signals from two operating

frequencies.

The main blocks of one channel of the measuring group 
and of

auxiliary devices are the following: common for both frequencies

the receiving frames (magnetic antennas) 7 and preamplifier 8,

placed in the trailing gondola, the electric compensation 
block 9,

the selective amplifier 10 with gauge 11 and the modulus recorder

12, the phase-detecting voltmeter 13 with recorder 
14, the phase-

meter 15 with recorder 16, the system 17 for the matching 
radio-

altimeter PB-2 with flight altitude recorder 18, common for both

the channels the gauge of difference (sum total) of components 19

with recorder 20, the current supply block 23 and the standard

airborne transformer 25 for current supply to the apparatus from

the aircraft network; the time marks generator 21 and the system

for matching this generator with the aerophoto camera 22.

The gondola is suspended from the aircraft by means 
of a

three-core wire cable KTB-5M, which serves for the supply of

current to the gondola amplifier, remote control and transmission

of measured signals.

Picked up by the receiving frames and amplified by the

preampl,ifier, the two-frequency signal is divided in 
the block

of electric compensation and gets compensated to the extent

required by the voltage obtained from the master oscillator or

tI
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taken off from resistance, connected in series with the

oscillating frame. The isolation of the useful signal from

noises is implemented in the selective amplifier, after which

the signal is delivered to the modulus, phase and components

gauge. The main signal for phase meter and the components gauge

is taken off from the master oscillator.

During the investigations of normal fields (flying at high

altitudes) the measured signal could be fed from the gondola *

amplifier without compensation directly to the selective amplifier.

The block diagram of a two-channel generating system of

AERI-2 is shown in Fig. 258. The two-channel output of the master

oscillator (KZGF) assures the achievement of operating combinations

of the two-frequency signal of the required amplitude and power for

activating the power amplifiers of channels I and II. At the

channel output of the master oscillator and power amplifiers, it is

also possible to obtain the signal of any working frequency. The

master oscillator is fed by voltage 115 v, 400 cps from one of the

three transformers (MA-2500 or PO-3000), applied in the apparatus,

connection to which is effected by means of the current supply

commutator, fitted in the same block. The master oscillator effects

the delivery of signal 2.9-3.9 v to phase-sensing blocks of the

measuring group. The same voltage is used for the calibration of

the receiving-measuring channel.

The power amplifier of channel I is meant for working on low

operating frequencies (243, 487 and 974 cps), and of channel II -
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on high (974; 1949; 3898 cps). The amplifiers are fed from

competent rectifiers, which get their current supply from

transformers MA-2500 or PO-3000.
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The outputs of power amplifiers are cut in through the

matching block to the corresponding sections of the oscillating

frame; the output of channel I to low-frequency section, composed

of 11 loops, the output of channel II - to high-frequency section,

consisting of 9 loops. The matching block assumes by means of

dividing filters, reliable, stable, simultaneous two-frequency

operation of the generating system on the magneto-couples

sections of the oscillating frame and their tuning jointly with

dividing filters to the operating frequency of the appropriate

channel with the following combination of frequencies: 243-974;

243-1949; 243-3898; 487-1949; 487;3898 and 974-3898 cps. The

combination of two adjacent frequencies is not effective and is

not used in the apparatus. With single-frequency operation of the

apparatus, any working section is also tuned to the required

frequency.

To the middle wire of the oscillating frame is cut in active

resistance R, from which compensating voltage is taken off for

the measuring group, which shows the current phase of two operation

frequencies in sections. The same voltage is used for the devices

of measuring the currents IpI and IpiI in the channels of the

generating system, cut in at the inputs of the selective amplifiers

of the corresponding channels of the matching blocks. The output

voltages of the selective amplifiers could be used as compensation

for the corresponding channels of the measuring group; however, in

this case, the stability of the compensation will be low, since the
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parameter variation of amplifiers will affect adversely the

stability of compensating voltages. The voltage intensity on

sections of the oscillating frame is controlled by voltmeter

V (through change-over switch P).

The necessary condition for efficient working of the

induction method apparatus is that the receiving channel should be

highly noise-proof. This is achieved by concentrating selectivity

in individual units and blocks of the entire receiving-measuring

system in a way that would produce the required selectivity.

The block diagram of the receiving-measuring system in AERI-2,

which operates simultaneously on two frequencies, is shown in

Fig. 259, which also shows the auxiliary units and elements. The

receiving system has two coils (magnetic antennas) for receiving

and converting into e.m.f. the vertical component of tension

vector of the magnetic field on an appropriate operating

frequency or combination of working frequencies. To assure high

preliminary selection, the receiving coils are tuned to operating

frequencies 243; 487 and 974 cps (LF channel) and to 974; 1949

and 3898 cps (HF channel). The received working signals are mixed

in a single-channel aperiodic amplifier (amplification factor 100),

which brings up their level to a volume, exceeding the noise level

in the cable and at the input of the measuring system.

Field receivers and preamplifier are placed in the trailing

gondola; therefore; the change-over of operating frequencies, the

current supply of the gondola amplifier and its calibration are
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carried out remotely along a three-core cable. Field receivers

have high field sensitivity; therefore, they assure the reception

of quite weak signals.

From the maximum possible reduction of internal and vibration

noises, most effective measures were adopted for shock-proofing

the receiving coils, the gondola amplifier tubes, and of the whole

reception system. Low-noise details were used in the amplifier and

the system was carefully shielded for the elimination of external

inductions. From the low-ohmic output of the gondola amplifier

signals of operating frequencies are transmitted along the cable

into the measuring unit. By means of the frequency change-over

switch, set up in the stabilized rectifier block of the gondola

amplifier, it is possible to carry out remote current supply to

the amplifier and control of the receiving system and the gondola

amplifier.

The received and amplified signals from the cable arrive at

filters of compensation blocks of channel I and II, where they are

divided, undergo additional selection and are amplified ten times.

In measuring without compensation, the working signal is delivered,

through the compensator of an appropriate channel, directly to the

selective amplifier (amplification factor 10), in which the main

selectivity of the measuring unit is concentrated. After the final

filtering of noises and the rising of level of the working signal

by one order in relation to the output signal (this is necessary

to exclude the effect of parasitic inductions on the working signal
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with its further distribution in the measuring blocks) it is

delivered to all the subsequent measuring units of the apparatus.

This makes it possible to measure independently the modulus and

components.

From the output of the selective amplifier, the signal of

the operating frequency arrives at the resistance amplifier

(amplification factor 150), at the output of which is an indicator

for direct reading of the received signal modulus. From the output

of the same amplifier, the measured parameter is fed to the diagram

tape for recording. The selective and measuring amplifiers are

combined into one measuring selective amplifier. At the input of

the measuring amplifier is the attenuator, by means of which the

measuring range of the modulus is changed independently of other

measured parameters.

After amplification, the operating frequency signal arrives

in the measuring channel of the phase meter, and the master

oscillator voltage - at the channel of the main signal. The

comparative voltage passes preliminarily through quadrant

(0-3600) and octant (0-900) phase-invertors. The quadrant phase-

invertor is required for zero adjustment of circuit for measuring

the phase and components and for combining the main signal phase

with the current phase in the oscillating frame. By means of this

phase invertor, the phase may be evenly adjusted within each

quadrant (0 -9 0o). The octant phase-invertoar (at every 450) is meant

for expanding the measuring range of the phase. The measured phase
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angle is controlled by the indicator; the recorder records

its values on the diagram tape. From the output of the

selective amplifier operating frequency the signal is fed

to the phase-detecting voltmeter (FHV) which measures and

records the active or reactive component. The signal at the

phase-detecting voltmeter arrives from the master oscillator

through the quadrant phase-inverter of the phase meter block.

At the input of FHV is set up an attenuator for selecting the

required measuring range of the component.

The measured and main signals from the phase-detecting

voltmeter blocks of channels I and II are also delivered to

the individual block - differential phase-detecting voltmeter

(DFHV), which measures the difference or sum total of the reactive

or active components of signals from two operating frequencies.

The output currents of the inner phase detectors DFHV of

each channel are added up or subtracted, depending on what is being

measured - the sum total or the difference of the components. The

measured quantity is controlled by the indicator and record by

the recorder.

The signal compensation of the primary field could be

implemented by voltage, arriving from the matching block of the

generating system, rigidly coupled in the phase with the current

in the oscillating frame, as well as by the comparative voltage

from the master oscillator. The selection of one or the other of
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the indicated voltages and its delivery to the subtracting

circuit of the compensator is effected by the commutator of

compensating voltage of the compensation block.

In the second set of AERI-2, compensation could be performed

directly by the received signal according to the scheme with

the follow-up phase (see para 4, Chapter XI). For this, the

commutator switch of the compensation block has a corresponding

position (see Fig. 184). However, in Fig. 256 the compensation

block is assembled for simplification in accordance with the

usual scheme. In measuring with compensation the residual voltage

(decompensation voltage) is also delivered to the measuring

blocks.

The blocks of the receiving-measuring groups get the current

supply from rectifiers (stabilized and unstabilized anode voltages,

bias and filament voltages), which in their turn are energized by

voltage 115 v, 400 cps from the transformer of the aircraft network

(plane MA-2500 separate for the measuring group).

Both the channels of the measuring group are identical in their

parameters and could work on: any working frequency. Fig. 260 shows

the developed block diagram of one channel in the receiving-

measuring system with main commutation elements and nodes and blocks

common for both the channels. The nodes, which in the matter of

construction, form one whole (functional blocks), are shown in this

figure by the dotted line.

By means of stepwise adjustment of the recorders pass band, a
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variation of the recording's time constant occurs in parameter

measuring blocks, which is equivalent to the measuring scale

travel time of the recorder. Input into the compensation block

is a dividing cathode follower, by means of which the measured

and compensated signals are delivered to the oscillegraphic

control block for visual observation of the compensation process.

The flight altitude recorder connects, through the matching

system, to indicator PRV-46 of radio-altimeter RV-2. For a 
more

precise recording of the flight altitude in the range 200 + 30 m

division is provided for of the stand-rd range 0-1200 m into

two non-standard ranges of recording0.300 and 0.1200 m.

The auxiliary systems of the apparatus are meant for

checking the efficiency of the apparatus, the measurements,

the plotting of time breaks and guides on the diagram tapes of

recorders etc.Thse systems include also the oscillographic

control block, which permits checking the shape of the signal

at the control nodal points of the generating and measuring

groups, and also observing visually the compensation process

separately in channels I and II of the measuring group.

Placed in the altitude indicator block is an electronic

generator of marks, producing periodic electric impulses every

60 (t 1) sec for controlling the operation of digital markers

on the recorder's tapes. By means of the commutator of time breaks

and guides and the system for matbhing with the aerophoto camera,

it is possible to mark the guides automaticalyt at the moment
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of opening the camera's shutter. If aerial photo-survey is

conducted only along the route guides, the operating is of

markers with signs 0,1,2,....,9, A and B; but if the survey

is continuous throughout the route, the operation is of time

break markers, which serve simultaneously as marks of the used

recording range; in these cases the electronic generator of

marks is cut off from the printing mechanism.

The panel located in the pilot's cabin makes it possible

for the navigator to carry out remote marking of the guides

during the flight of the plane above it and the setting of the

next mark. The panel has an indicator of guide marks, operating

synchronuously with all the printing mechanisms of recorders.

Electric cut in of the navigator's panel to these mechanisms is

effected by the commutator of time breaks and guides.

The recorders are assembled on a base of standard recording

bridges (MC), in which reversive and synchronous electric motors

are used, operating from the industrial network of alternate

currents (127v, 50 cps). However, on board the aircraft there is

no such network and, more over, the travel time of writers on the

recorder scale should be low (1.2-1.3 sec); therefore, to meet

these conditions,while maintaining the invariable value of

torque, it is expedient to supply to these electromotors voltage

of higher frequency. Estimates and tests have shown that the most

suitable is frequency 100 cps with voltage 220 v. Since the AERI-2

apparatus does not have transformers with these parameters, an
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electronic-ion transformer was devised for current supply to

the recorders, electromotors, capable of transforming 400 cps

into 100 cps with voltage 220 v and effective power 300 v-a.

This transformer has been made into a separate block, common

for both the channels of the measuring group. From this plot

the control of transformer MA-2500 in the measuring group is

carried out and also the control of voltages and currents

consumed in circuits 115 v 400 cps and 27 v of the constant

current (transit circuit of transformer MA-2500, used for

current supply to the marker mechanisms, number of relays, etc.).

Input to the block is a blocking circuit for failure cut-out of

the apparatus from the board network of aircraft.

The elements of the auxiliary systems include calibration

circuits of the receiving-measuring channel, in blocks of the

selective amplifier. The circuits are meant for checking and

adjustment in the case of common amplification factor of the

receiving-measuring channel.

Main specifications of the apparatus. The output amplifiers

in sections of the oscillating frame, tuned to working frequencies

243-974 cps, provide power upto 1000 wts, and on frequencies

974-3898 cps - upto 700 watts.

The oscillating frame has 20 (11+9) loops and an area of

about 88 m2 , which makes it possible to obtain the value of the

magnetic moment on frequency 243 cps (the most difficult case)

2
upto 18300 av m . In receiving block are two magnetic antennas

tuned into resonance, the sensitivity of which is ( amv--)
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for LF antenna at f = 243 cps -5, at f = 487 cps - 15, at

f = 974 cps - 25; for HF antenna at f = 974 cps -25, at

f = 1949 cps -50, at f = 3898 cps - 62.5. The working field

sensitivity of the whole apparatus in the actual flying conditions

is 2.4.10 -5 a/m.

The measuring and recording range: by modulus - 10; 30; 100;

300 and 1000 mcv, 1;3;10 and 30 my; by components the same as

by modulus, except 10 and 30 my; measuring range of phase ± 45;

90 and 1 1800, recording - ± 450 with selection of any octant

within the range of angles 0-360

The selectivity of the receiving-measuring channel on all

operating frequencies has attenuation not less than 40 db with

detuning 1 10% of the operating frequency.

The natural level of noises of the measuring channel, reduced

to the input of the gondola preamplifier, when short-circuited,

does not exceed 0.5 mcv, the mean level of external and vibration

noises at the input of the receiving channel in normal working

conditions is not over 20 mcv. The measuring error: of modulus and

component upto 5%, in phase upto 20. Consumption of energy from the

board network is about 13k-watts. The apparatus is set up on plane

IL-14P with power of board network increased upto 18 k-watt.

Construction of generating and measuring units. The AERI-2

apparatus is a composite complex, which has to operate reliably

in flying conditions; therefore, during construction, the demands
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imposed on it corresponded to the aviation radio-technical

apparatus.

The principal co-efficient, which determine the construction

of the aviation radio-technical apparatus, are (3) considerable

vibrations within comparatively a wide range of frequencies (from

one to some hundreds cps with amplitudes upto 1 mm), prolonged,

as well as short-period accelerations, caused by the plane's motion

in the air, with take-off and landing, impact loads, possible during

the landing of the plane, especially in field aerodromes, extensive

variation range of surrounding temperature, high relative humidity

of air (upto 100%0/), etc. The apparatus should have minimum weight

and overall size, consume as little as possible electric energy,

and when it is switched on, the setting of working conditions

should be quick. It should be convenient for tuning, control,

repairs, etc. The enumerated requirements and the necessity of

simultaneous operation on two frequencies, considerable power of

the two-channel generating system and the number of recordable

parameters determine the selection of the individual elements and

nodes of the circuit as well as of dimensions and construction of

functional blocks and of the set as a whole.

The outside view of the apparatus is shown in Fig. 261.

AERI-2 consists of generating and measuring units, auxiliary

systems, the oscillating frame, the measuring gondola and a

system for its letting down and pulling up.
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Fig. 261

The construction of the generating and measuring units is

based on a system of cabinets. Four cabinets were provided for -

two for each of the indicated units. The cabinets are divided

into separate comparatments for separate withdrawl of the

functional blocks. This type of construction provides for the

rational distribution of the weight of the apparatus, concentration

in individual cabinets of blocks and nodes, pertaining to the

same channel which is most convenient during transportation

outside of the plane, since it simplifies servicing, repairs

and adjustment.

Special attention is given in construction to the identity

of blocks in overall size, as well as to the disposition of

similar control and measuring devices.
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The apparatus block consists of a front panel and a box-

type chassis of pickled steel. Almost in all the blocks, the

size of the chassis is 425x450 mm (with the exception of four

blocks, which are 195x450 mm), whereas the depth of the cellars,

according to the designation of the block, is 50, 60 and 90 mm.

A similar length of the chassis considerably simplifies constructive

eIecution of electrical and mechanical connections within the

cabinets, and a similar width (in the majority of blocks) permits

arranging them in monotypic cabinets. Moreover, a pair of blocks

with chassis 195x450 mm is equivalent to the size of the standard

block. Dimensions of cabinets: for generating unit 470x550x1200 mm;

for measuring - 780x550x1200 mm.

Fig. 262
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Inspite of the specific pro.-perties of an individual block

or a pair of blocks (the assumption is of two channels) it was

possible to remain confined to the main standard sizes of front

panels: three for the generating and two for the measuring units.

The outside view of one of the standard blocks is shown in Fig.

262 (a -side view of the front panel, b - view from the top).

Functional blocks by means of two guiding slee-kers, two

dowel pins and four (or six) non-fall.ing out screws on the front

panel are reliably fixed in compartments.

In the first cabinet of generating unit,there are three

functional blocks, in the second - four; in each cabinet of the

measuring unit, there are 11 compartments (on the left side are

the functional blocks, on the right - the recorders).

The cabinets of the generating and measuring units are set

up by means of 24 rubberized shock-absorbers on the two main base

frames, which are rigidly fixed by bolts to the plane floor and

one with the other. For convenient setting and servicing of the

apparatus within the plane, the front portions of the frames are

beveled towards the floor. In the first set of AERI-2 is additional

top frame, to which the top surfaces of the cabinets are fastened

by means of 16 rubberized shock absorbers. The top frame is

fastened to the ceiling by brace wire. In the second set of

AERI-2, instead of the top frame a longitudinal angled plate

for sidewise attachment of the cabinets has been applied (by
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eight rubberized shock absorbers, set up in the rear top

angles). Attached by bolts to the longitudinal angled plate

are three vertical and three sloping posts, joined by bolts

to the bottom frames, thus forming a single rigid construction.

The sloping posts pass between the cabinets of the apparatus.

Every cabinet is attached to the base frame by eight 
shock-

absorbers. Brace wires keep the angled plate fixed to the

ceiling. Thus, each cabinet in both the sets of the apparatus

is held by 10 shock-absorbers, which protect the apparatus

from vibrations and shocks during the flight, as well as

during the landings (79). The ventilation gratings are in the

planking of the cabinets. Since the recorder mechanisms 
almost

never get heated during operation, their compartments do: hot

have gratings. By means of hinged brackets the recorders are

attached to a vertical angled stand. Because of this each

recorder, tuning around the axle, comes out from the compartment

and its mechanism is handy for checking, tuning or repairing.

The recorders are closed with removable covers with glazed doors.

For a convenient access to intrablock connections, door

have been made at the back of each cabinet: single ones in the

cabinets of the generating group,dbable in those of the

measuring group. The doors are closed by rotary locks. At the

base of the rear side of the cabinets are fixed panels, on

which are the plug sockets are set up for external and intra-

cabinet connections •
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The apparatus is coaled by forced air draft and outside air.

The central air line, connected with the air collector, is placed

on the bottom frame on the floor. The cabinet airlines are

connected with the central air line by means of nipp s and

flexible hoses.

Each block of the apparatus is electrically connected with

the general scheme by means of plug sockets and, where necessary,

by special high-voltage transits. The inside plug jacks are of

RSHA type (intrablock with cases for 6 and 14 contacts). The

recorders are connected with the general scheme by flexible

cables with socket plugs.

To exclude mutual coupling and to provide protection against

the external electromagnetic field, many details (transformers,

choke coils, etc.) and individual nodes of blocks are shielded by

steel screens. The front panels have engraved description of

blocks and the designation of control sections.

The weight of the four cabinets with blocks, bottom and top

frames, is about 950 kg, and the weight of the whole set is about

1400 kg. The overall size of the apparatus is 2620x1590x1590 mm,

The trailing measuring gondola is meant for the disposition

of receiving magnetic antennas and preamplifier; it is electrically

connected with the measuring apparatus by a three-core cable

KTB-5M, which at the same time functions as a towing cable. By

means of a winch and letting-out system, the gondola could be

let out from the plane to a working length of cable, 150 m.
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The gondola is a stream-lined aerodynamic shell of cigar

shape, consisting of the following main parts (Fig. 
263): case

with stabilizer and balance weight, suspension and shock-absorb-

ing devices for receiving antennas.

The gondola case is made of high-quality ply-wood, 
impreganted

with antimoisture compound. Its outside is pasted by two layers of

perkale and colo'red by red nitre-dies. The case consists of 
three

parts: nose 1 with balance weight, middle 2 with attached suspension

and the tail part 3 with ring stabilizer, where the gondola amplifier

7 is located. For connecting all the indicated parts there are in

the middle portion of the gondola two landing rings 4 made of plastic

glass, rigidly joined to this portion of the gondola by rivets.

Through the screw bushing, riveted to the rings, eight brass screws

are screwed in, thus assuring a sufficiently close setting and

strength of the assembly.

The overall size of the gondola: OD = 290 mm, L = 1830 mm,

stabilizer dia. d = 420 mm, length of the stabilizer ring 1 = 345 mm.

The total weight of the gondola with suspension, magnetic reception

antennas and gondola amplifier is about 55 kg.

The nose portion of the gondola is a hard ply-wood cylinder,

in front of which is glued in a wooden knob 8 of spherical shape

with inner boring for placing the balance lead weight 9 and

transporting mechanism. By means of a duralumin screw 10 and two

guides 11, the lead weight could be shifted within limits along

the gondola axis for exact balancing. The weight is fixed in the

required position by means of a brass press plank and screw 12.

The head of the screw is in a seat on the cylinder's surface.
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PHC. 264.

Fig. 264

Suspended on tape rubber in the middle portion of the

gondola are the receiving magnetic antennas 5. The rubbers

are attached to the top and bottom rings, set up on the

plastic cylinders of the antennas (Fig. 264). Such is the

rigidness of the selected rubbers that the natural frequency

of the system would comprise a few cps. The fixing points of

the rubber tapes of one antenna appear to form the apexes of

a cube. This provides an approximately similar rigidness of the

system in the direction of all the three coordinate axes. On

the inside of the gondola case above and below the cylinders

porolon pads:-- are fixed to serve as dampers with considerable

amplitude of antennas oscillations, built up during the impacts.

On the sides of the middle portion of the gondola there

are two steel axles with two tractions with a cross-member, which

make the suspension 6. For a reliable fixing of the axles riveted



- 688 -

inside and outside the cylinder there are brass facings. In

the middle of the cross-member fixed on hinges is duraluminum

knob, the sides of which are joined by screws with nuts.

Inside the knob is an edgewise grooving, into which a steel

bushing with embedded end of the cable with plug connector is

inserted. The cross bars and connecting rods, which are hollow,

are used for laying wires of gondola amplifier electric connection

with cable cores.

For eliminating noises, which arrive at receiving antennas

with the friction of metal against metal, capron (resin and

fiber) bushing and washers have been put up in every hinge of

the suspension.

Fig. 265

Fig. 265 shows the photograph of a let-out gondola, which

is additionally shock-proofed by a rubber shock-absorber. The

wire-cable has a loose-fitting loop at the point of connection
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with the link.

Setting up of apparatus in the aircraft. Fig. 266 shows

a simplified diagram of the plane IL-14P with arranged apparatus,

transformers, hatch with aerial photo-camera and let-down system.

Also shown is the position and attachement of the oscillating

frame.

Is 5

8 9 14 1o

Fig. 266

The cabinets with apparatus 1 are arranged in the middle

portidn of the plane's Center (in passenger cabin) and slightly

closer to the right side. The cabinets face the left side,

against which the operator's seats are placed. On the ceiling of

the cabin is a beam 15 for the swinging of the top frame of the

apparatus. The bottom frames are bolted to the floor of the

plane.

The apparatus and transformers are cooled by outside air
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by means of standard aviational air collectors 2 and 5. 
Air-

collector 2, set up in the right-hand forward window of the

passenger cabin, connects with the apparatus by a rigid 
central

air line and flexible hoses, fitted on nozzles of the central

air line and the cabinets of the generating and measuring groups.

For a better cooling of the generating group cabinets, the right-

hand window has an exhaust system 3 of ejection type, joined to

the cabinets by durite hose.

The transformers 4, placed into the sound-absorbing box,

are set up in the forward luggage section. The air-collector 5

is joined to this box by means of a rigid metal sleeve. For 
the

exit of heated air the box has holes at the top. On the right

side of the baggage compartment, the transition block 16 is set

up for bracing the turns and connection of the oscillating frame

9, as the turns of the frame are cut in its forward portion.

Fig. 266 showes the setting of the photo-hatch 6, meant for

the setting of the aerial photo-camera for taking pictures of

the locality along the route of the air-borne geophysical survey

and optical viewer for observing the drift angle of the gondola.

In the rear of the passenger cabin is a winch with electric

drive 17, in the floor of a cabin a hatch 7 is cut for the let-out

system 14 with guide shaft and a device for fixing the gondola in

the flying position. Along the left side of the cabin, at the

working points of the operators and at the let-out system, there

are the main stations of the talking system for inter communication
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of the operators and for communicating with the crew during

the carrying out of a survey.

The oscillating frame is made in the shape of a braid by

MCSL wire 4 mm2 in cross section. For a better streamlining in

air flow and for the protection of wires from moisture the

braid of the frame is covered by a plastic tube. In order that

the frame may have an appropriate strength, it is suspended from

the plane together with steel wire 10 (TOG 3-5 mm in diameter).

The rear branch of the frame is laid on the front edge of the

stabilizer and is attached to it by means of clamps. The braids

of the side branches are set up jointly with the steel wire,

stretched between the special plates of the stabilizer 12 and

stands 13 on the motor gondolas. The wire should not form a

closed loop. Therefore, it is stretched through intermediate

nut insulators 11, set up near the stands of the motor gondolas.

The front branches of the frame, jointly with wire, are

fixed to stands 13 on the motor gondolas, and after passing

through holes in the wainscoting of the luggage compartment in

the centre of the plane - to a bracket fixed in the floor. By

means of rubber-bushing, the braid of the frame is insulated

from the fuselage at the points of its input into the centre

of the plane. Branches of the oscillating frame are fixed to the

wire by means of cotton bandages.

The let-down system (Fig. 267) consists of logging winch

LK-650 with stacker (not shown in the figure), electric drive 11
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guide blocks 2, shaft 3, clamps 4 for the fixing of the

gondola device 5 for its reliable clamping during the flight

and outlet hatch 6.

The logging winch, besides the electric drive, has a hand

drive with drum brake. Onto the receiving drum of the winch

160-170 m of wire-cable KTB-5M is wound. The electric motor of

the winch 0.6-0.8 k.watt with reducer, estimated for the supply

of direct current from the board network, is set up on a special

bracket 7, joined to the winch frame. The reducer is connected

with the axle of the drive mechanism of the winch by means of a

geared electric clutch, which enabless the gondola to be raised

either by hand or by means of the electric drive.

In the flying position gondola enters into clamps 4, fitted

on the fuselage and which center the gondola under the outlet

hatch.

In order to soften the impacts and vibrations of the gondola

in flying position, the clamps are lined with felting. A special

device has been provided for a better fixing of the gondola, which

keeps it reliably clamped. This device consists of a small hoisting

block 5 with section grooving and stem for its rotation and a rubber

shock-absorber 8 with hook 10. The hook catches the cross-member

and by a turn of block 5 the required tension of the rubber shock

absorber is obtained. The block is retained in the preset position

by pin 9, which is inserted in its side holes.

Under the little guide block there is a device for releasing

the gondola in case of failure. The device has a knife, the
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cutting edge of which corresponds to the profile of the guide

block groove. The knife is activated by an explosion of two

pyro-cartridges and instantly cuts all cores of the eable. The

button for switching on the pyro-cartridges (operating voltage

27 v) is in the pilot's cabin.

To prevent the friction of the cable against the plane-body

during its let-down and hoisting, the bottom portion of the hatch

is equipped with roller 3, which is a pair of truncated cones,

joined by the smaller bases. This also helps obtain the centering

of the cable in respect of the let-out system. The hoisting speed

of the gondola by the electric drive is 40-50 m/min.

Electric circuit for connecting the apparatus with the board

network of the plane. The primary source of power for AERI-2 is

the direct current network of the IL-14P plane. Current supply in

the board network is provided by two generators GSR-9000 with

total power 18 k.watts. Total power consumption from the network

by transformers - three MA-2500 or two PO-3000 and one MA-2500 -

at nominal working conditions of the apparatus does not exceed

13.5 k-watt. The board network also supplies current for the

electric drive of the winch with power 0.6-0.8 k-watt, which is,

invariably, cut in with the apparatus off.

Through the transit circuit of transformer MA-2500 in the

first set voltage from the board network is supplied to the

apparatus for energizing some of its elements - frequency

switching relay, electromagnets of mechanism for marking

measuring range, time breaks and guides, recorder illuminators,
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etc. In the second set, the transit circuit of transformers

PO-3000 is used for the supply of voltage from board network

to the generating group for energizing frequency switching

relay.

41

3 10 4

Puc. 267.

Fig. 267

The block diagram of the apparatus connection with the

board network is shown in Fig. 268. The same diagram shows in

a simplified form the main units of the electric system of the

plane (generators GSR-9000, their protective system, current

and voltage control node, etc.) The board network is "grounded"

by minus to the plane's body.

The positive of the transformers 2 (MA-2500 or PO-3000) is

connected with the bus bar of the left side through fuse 1 IP-200

type, the negative - directly with the plane mass. The section of

2
each feeder should be approximately 70 mm . The transformers are

connected by means of hoses with appropriate cabinets of the

apparatus, from which the remote control of transformers is being

effected.
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Key to Figure 268:

a, Right GSR-
9000;

a g b, Fuse;

Po LUanpaboeo6opmo 
c, Current and

rcP9000 voltage
control unit;

b JoN4Nma A d, Fuse;

f e, Left GSR-
C Y"NsO 2 2 2 1 11/WN annapamy .

f, Fuse;

:a> i gu9 
t7 

Right side

S 3 enagapsdozo track;
e -d - OM - - - - .pm. _ ...... - h, Apparatus

W Iuoa I&a 6opma -,14 cabinets;

j i, Emergency
disconnecton

.. apparatus
circuit;

Fig. 268 j, Left side
,_track.

The electric drive 5 of the winch 9 is cut in to the bus

bar of the right side through IP-100 fuse 4. By means of the

tumler 8 it is possible to control electromagnetic coupling of

electromotor, which starts by contactor 6, switched on by the

tumbler 7. The contactor and tumbler are fitted in a special

box attached to the winch frame. The electric drive is switched

on only for the hoisting of the gondola, but its lowering is

effected directly by the winch. Feeders for the electric drive

should have a section of approximately 35 mm 2

The emergency uncoupling of the apparatus is implemented by

simultaneous de-energizing of all transformers by locking the

tumbler 3 in the pilot's cabin. The emergency drop of the gondola

is effected by pressing the button 14, through the normally open

contacts of which voltage + 27 v gets delivered to pyro-cartridges

11 of the device for cutting cable (10, 12, 13).
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2. Apparatus of VMP (rotating magnetic field) method, developed

by VITR

The first set of apparatus for the VMP method was made in

1960 in VITR and was designed for application on plane LI-2.

The second, more perfect, set, developed in 1961, was installed

on plane AN-2; in 1962, it was modernized and recommended as a

test sample for introducing the apparatus of the VMP method.

1 2 3 4 5 6

Fig. 269

Generating set. The block diagram of the generating set is

shown in Fig. 269. Quartz master oscillator 1 (f = 9800 cps).

Magnetic frequency dividers 2 applied for obtaining other

operating frequencies (2450, 1225 and 612.5 cps). The required

frequency is selected by switch P. The working signal from the

output of the master oscillator arrives through a 90-degree

phase-invertor 3 at the preamplifier 7 and terminal repeater 5.

The same signal, but without the phase shift, is delivered to the

prearmplifier 11 and terminal repeater 12.

Terminal repeaters 5 and 12 are loaded onto tuned oscillating

frames 6 and 13, into the circuit of which are connected, in

series, control resistances R1 and R2 . The voltage taken off1 2 C
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these resistances is delivered to the control block 10, in which

by the zero method preservation of the preset amplitude ratio of

currents in the frame (indicator 7) and of the fixed phase shift

indicator 9) is checked. Indicator 8 permits controlling the

intensity of the current in each oscillating frame.

Terminal power amplifiers are assembled on semi-conducting

triode 1 and their power is supplied directly from the board

network of the plane by voltage 26 v. This increases the

efficiency of the amplifiers and reduces power consumption from

the board network. The output power of each amplifier is 250 watt.

The master oscillator is also energized from the board network

of the plane and for obtaining anode voltage there is a semi-

conductor transformer. The weight of the generating set is not

over 45 kg, total power consumption does not exceed 1 kwt. The

outside view of the generating block was shown in Fig. 10, a.

Added to the generating set is a device for checking circular

polarization of the primary magnetic field. This device is a

receiving frame, which can revolve around vertical and horizontal

axis. The frame with ferrite core is tuned to the operating

frequencies. The frame stage has a level and two goniometers. The

whole device is set up on a triped. The circular nature of the

rotating magnetic field is checked on the ground. The output

voltage of the device is measured vacuum-tube voltmeter (LV-9).

The vertical oscillating frame is attached to the fuselage

of the plane; the upper branch is uplifted above the centre of

the aeroplane wing and retained in the set position by two brackets;
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the rear portion of the frame is attached to the tail fin of the

plane. The lower branch of the frame is confined in a durite tube

and attached directly to the center of the plane wing. The side

branches of the horizontal frame are slightly removed from the center

of the plane wing and fixed by six (three on each side) uniform brackets.

To impart the required strength to the frame braid, a steel wire is

embedded within it.

Key to Figure 270

a, Gondola

amplifier; -
b, Gondola h Amplfer A

amplifier; h M, Amplifier AU
, Preamplifer. ---- i, Aircraft;

d, Preamplifier; a c e j, Meter AU;

e, Phase z ro flHOpetapumenb _JO306paUa- U 3Mepumeb k Meter
/k. Meter WAlconverter ycuumeb IHb/l ym menb 900 cmpocmo 1 er ReAU;

Si f h Ycunu m Me r ImAU}

f, Reference o 4bb I I lpedpumeb- f h Ycunumeab 13Mepum8/b , Go ola.,

signal / n Co l T

amplifier;, nJ -q nan 3Mepumenb
g, Readout IWU

device; caonem M

Fig.270

If investigations are .carried out by means of plane LI-2,

the magnetic moment of the oscillating frames comprises about

1600 av.m2 (each frame has 18 turns of wire LPRGS-2.5 and area

2 2
S 30 m2 , if plane AN-2 - about 800 av.m

The receiving-measuring set of the VMP method apparatus

has two channels and could be constructed according to various block

diagrams. Let us analyse three such diagrams (132, 234).

First Diagram (Fig.270) is not highly noise-proof apparatus

because of the fact that noise signals, received by both the frames,

are geometrically added in the subtracting dircuit, and the peak
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noise is estimated as doubled magnitude of noises, active

in each channel (assuming, that the noises are approximately

of similar magnitude and shifted in the phase by 900). Since

the unbalance signalA U is very low in comparison with

(Ux);- (Uz), the instability of the preamplifiers, made with

a narrow band, increases the error in 4U determination.

Therefore, in the given scheme, the main requirements of the

measuring apparatus are high stability and selectivity, which

cannot both be resolved simultaneously and completely, hence

there is usually a compromise.

To increase the noise-proof it is expedient to measure

directly the amplitude difference of both the signals A =

(U ) - (U ) (amplitude parameter) or their ratio and the phase

shift between them AcQ = CPU x - (U z (phase parameter)(234).

These measurings areassured by the second scheme (Fig. 271). Due

to the detection of measured signals U and U and separation of
x z

envelope on the meter of A parameter, the signals will be the sum

of average level noises. Hence the error will depend only on the

difference of average value of the noises and not on their absolute

magnitude. Therefore, the given scheme has a high noise-proofing

than the first. Here also the measuring of the phase parameter is

more simple, since the possible variations of the signal phase do

not take up a wide angular range. However, due to the presence in

this scheme, like that in the other, of two separate preamplifiers

it is impossible to obtain high stability with high selectivity.
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Key to Figure 271:

a, Gondola amplifier; a c e l; Aircraft;!
b, Gondola amplifier; y, rOwl"J'lb HbU b Pume,, Xg'" Meter;.
c, Preamplifier; I

d, Preamplifier- b Id f
e, Detector; r~. rod0Hb1 7 nhpeumenb-

f, Detector;
g, Meter A; r'nao ii o mem [epu-

h, Gondola h LJ

Fig. 271

The stability of measurements could be enhanced by the

application of a scheme, in which the amplitude difference is

measured by means of the commutator, which connects alternately

with the input of the preamplifier voltage U x or U (Fig. 272).

After leaving the preamplifier these voltages arrive at the

detector. If the amplitudes of the compared signals are uniform,

their envelope at the output of the detector will be in the shape

of a straight line. In other cases it w2ll be stepwise. By means

of filter separation of voltage is effected with the amplitude

proportional to the difference of signals (Ux) - (Uz), and with

frequency equivalent to that of the commutating voltage.

Fig. 272 shows that the preamplifier and detector are common

'for both the compared signals. Although these units have their

natural instability, in this case they do not cause any appreciable

error in measurements (i.e. pseudoanomalies), as they are

compensated through separation by the envelope. Therefore, in this

system it is possible to apply for the selective circuit
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of the preamplifier with narrow pass band without deterioration

of the stability of the entire measuring system (12). Commutation

phase measurements similar to commutation amplitude measurements

may also be implemented.

In the test sample of the apparatus for the VMP method, the

last block scheme of the measuring apparatus, shown in greater

detail in Fig. 273 has been used. Here the signals Ux and Uz are

taken off the receiving frames 1 and 2, which are tuned to the

operating frequency of the apparatus and have field sensitivity

about 7-5 v The receiving frames are placed in the trailing

gondola; therefore, the operating frequencies areswitched over

by means of remote switch relay. Both signals are amplified by the

gondola preamplifiers 3 and 4, having a comparatively wide pass

band and high stability amplification factor (see para 2, Chapter X).

Key to Figure 272:
a, Gondola - ---.-- _- c d e

amplifier; (o Mma Op8nu ee g, Meter m p;

b, Switch; yumenI oP y Meter AP;

c, Preamplifier; f . h, Gondola;

d, Detector; 'roOAbl 
imepumb i, Aircraft.

e, Meter A ( V Acume I

f, Gondola "tNaa--- J L a C-A

amplifier;) I
Fig. 272

The amplified signals Ux and Uz are delivered along the

cable into the measuring apparatus; at the input of which

provision has been made of matching and calibrating stages 5

and 6. Hence the signals arrive at the electronic commutator

K1 , which alternately cuts them in to selective amplifier 7.

The selective amplifier is followed by amplitude detector 8;
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its output voltage has a stepwise shape and is proportional to

the difference (U ) - (U ); moreover, this voltage does not
x z

depend on the absolute values of U and U . The stepwise voltage
x z

is amplified by selective amplifier 9, tuned to the frequency of

commutation fk = 30 cps, and through output commutator K2,

operating synchronously with the %nput one, arrives at the

difference recorder 10 with writer 11. By means of the special

divider in stage 5, the scale of writer 11 is calibrated in

percentage ratio of the mean level of the primary field. Therefore,

the measuring is of the relative amplitude parameter.

(U ) - (U )
x Z

A =
U

0

where

U ( (U ) + (U )o 2 x z

9 .3 5 . Key to Figure 27

a, Gondola;
4 6 b, Measuring

device.

, 3Mepumenoe

b 21 2

Fig. 273

Besides the stepwise voltage with commutation frequency fk

at the output of the amplitude detector there is a build-up of

a constant component Uo, proportional to the mean level of the

primary field. This voltage is used for the distance control
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between the planes (mo = const) and gets recorded by writer 12.

In this scheme, phase measurements are also carried out by

the commutation method. The measurable voltage is the signal U ,

which by means of amplifier-limiter 13 acquires a shape close to

rectangular. The comparative voltage on phase-sensing detector 14

is supplied from the output of selective amplifier 7. Since the

phases of voltages Ux and U are rectified in the measuring system

by the additional 90-degree phase-invertor, with deviation from

the preset phase shift of 900 between signals Ux and Uz, a stepwise

voltage with frequency fk will appear at the output of the phase

detector (FHD). The output voltage of FHD, proportional to phase

shiftAC~ , is amplified by the selective amplifier 15 (tuned to

frequency fk) and through the output commutator K3 arrives at

difference recorder 16 with writer 17. For the calibration of the

phase meter, there is a special device in the input stage 6.

Commutators K1 - K3 , assembled on semi-conductor triodes,

have a low noise level and are practically non inertial. They

are energized from a separate low-power RC-generator 19.

In the measuring system, provision has been made for recording

of the flight altitude h by pen 18, which gets the signal from the

plane radio-altimeter 22. At the moment of tying in the aerial

photographs, synchronizing impulses from photo-camera 21 are fed

to pen 18, where they are recorded in the shape of narrow ejections.

The pens 11 and 17 receive from system 20 time-breaks at 1 min.

intervals (in the shape of shot ejections with positive polarity)

and navigating marks of guides (long ejections of negative polarity).
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For the recording of measured parameters the pen is type ASGM-25,

the same as in the aeromagnetic station. The entire measuring

system, with the exception of commutators, is assembled on

electronic tubes; its weight is about 40 kg. The outside view is

shown in Fig. 17,b. The power consumed is about 0.2 k-wt.

3. Apparatus of the BDK method worked out by FMI AN Ukr. SSR.

The developed block diagram of measuring and auxiliary

apparatus of the mobile group in station AERA-58 is shown in

Fig. 274. The measuring apparatus is tuned and operates in relation

to the position of the switch for the type of work 4 (calibration,

operation of receiving system in the gondola, or with the receiving

system in the tail). The measured signal is picked up by receiving

ferrite coils 1 and 11, each of which is tuned to the operating

frequency. The transition from one operating frequency to another

is effected by the switching of resonance capacitances, commutable

in systems 2 or 12. Depending on which receiving device is in

operation, the measured signal is amplified by preamplifier 3 or

13 and then transmitted by the connecting cable to the measuring

system - input of the type of work switch 4. Hence the measured

signal arrives at selective amplifiers 5, where it is amplified

upto the required intensity. Between the two selective amplifiers -

a and c - is a stepwise voltage divider 5 b, serving as a witch

of the measuring range.

The remote control of the measuring range is attained by

switching over from the panel of components 41 to the terminals of
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corresponding relay coils. In the retuning of the operating

frequencies in selective amplifiers, the use is made 
of the

switch connecting RC-filters, tuned to pertinent frequencies

(the switch is not shown in Fig. 274).

The axis of the switch is brought out on the front panel

of the measuring block. The amplified measured signal arrives

at the FHD 6 and 32 in the channels of the component and phase

recorder.

Let us trace the passage of the main phase signal. In

transmitter UKV, included in the apparatus of the ground group,

the operating frequency is modulated by voltage, the phase of

which coincides with the current phase in the cable. This signal

is picked up on the helicopter by the receiving antenna 23 and

amplified by the radio-receiver of main signal 24. After detecting

the separated modulation, voltage is amplified by LF-amplifier 25.

From the output of the LF-amplifier, the voltage arrives at the

input of the quadrature phase-inverter 26, hence to the auxiliary

phase-invertor 27 (by 1 150), and to the input of automatics

block 39. At the output of the auxiliary phase-invertor 27, the

main signal is directed into the circuit for measuring and

recording of the components and phases. In the phase-recording

channel, the main signal passes consecutively through stepwise

phase-invertQr-phase measuring range switch 28, the even graduated

phase-inverter 29, amplifier 30, two-sided limiter 31, after which

it arrives at the input of FHD 32. The voltage at the output of FHD
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is filtered by LF-filter 33, gets transformed into alternate

voltage of 125 cps and is amplified by the electronic amplifier

of the automatic compensator with transformer 21. The transformed

signal activiates the reversive synchronous motor 20, which

revolves the even graduated phase-invertor 29 until quadrature

(angle -.- ) is set between the measured and main signals at the

output of FHD 32. The smooth phase-invertor is graduated within

the measured angles of the phase shift. The reversive motor is

rigidly coupled with the recorder's carriage and fitted by means

of pen, in the carriage phase variations between the measured and

main signals are marked on the tape. To provide for a uniform

sensitivity of the phase recorder there is AGC circuit 22.

From the output of the auxiliary phase-invertQr 27 in the

channel for recording components, the main signal arrives at the

quadrant phase-inverter 19, in which the main signal vector is

turned by n'900 (n = 1 4) in relation to the original position

of coordinates. Further on, the signal is amplified by amplifier

18, gets limited by the two-sided limiter 14 of 0-1 type and, in

the shape of rectangular impulses, arrives at the input of FHD 6.

The output voltage of FHD is filtered by LF-filter and compensated

in circuit 7. The uncompensated portion of the voltage gets

transformed, by means of the electronic amplifier of automatic

compensator 9 with vibro-transformer (VP) 8, into alternate voltage

of 125 cps and is delivered to reversive motor 10. The latter

operates voltage in compensation circuit 7 and records on the

diagram tape the value of one of the quadrature components.
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If the main signal at the output of quadrant phase-invertor 19

is in phase with the measured signal at the output of selective

amplifier 5 c, the measuring and recording is of the active

component; but if with shift at 900 - of reactive. The recorders

of component 41 and of phase 4 are provided with devices 42 and 45

for the printing of guide marks on diagrams and with devices 43 and

46 for printing the time breaks and measuring limits.

Above an orienting point, the navigator presses a button for the

supply of current to the electromagnetic coils of devices for

printing guide marks. The operator on an order from the navigator

sets the next position of the guide-marks switch, getting the

marking device ready for printing. The marks are printed simultaneously

on both the recorders.

The device for the time braks and measuring limits operates

in the following wa. From the output of LF-amplifier 25 the main

signal arrives at the automatics block 39. Depending on the

frequency of the main signal, the frequency is correspondingly

divided in the circuit of the automatics block to 40.6 cps. The

voltage of 40.6 cps is amplified upto a certain level and arrives

at the winding of synchronous electrometer SD-2, which revolves the

indicating needle at 1.62 rpm. At every 37 sec. the needle locks

a pair of contacts and delivers the current supply to the electro-

magnet winding of mechanisms 43 and 46 for printing the time breaks

and measuring limits. As a result, after every 37 sec, the imprint

of figures for the corresponding measuring limits of the component
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and phase appears on the diagrams. During the switching of the

measuring range the operator fixes additionally its conventional

number by pressing a special knob, thereby activating the printing

mechanism at both the recorders. The apparatus also makes it

possible to print the measuring range separately. On diagrams,

left of the shifting, are printed the guide marks, on the right-

the time break and marks of the switching measuring range.

The power supply to the measuring and auxiliary apparatus of

station AERA-58 on helicopter comes from rectifiers with electronic

stabilizers 36 and 37, and also from the current supply source of

filament circuit 41. The source of supply voltage 40 of 400 cps

is the mechanical transformer PO-500, and of 125 cps - P0-45; these

transformers get their current supply from the helicopter's network.

Fig. 275

The signal level at the output of the selective amplifier

(5 c) and at the input of the two-sided limiter is controlled
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by meter I in calibration mechanism 17. The meter is on the

front panel. Position 1 of the switch P 1 corresponds to the

level of the measured signal, position 2 - to the level of the

main signal. The calibration of the measuring system is done

in the same position.

For a two-way coupling with the ground unit, the

application on the helicopter is of master radio-station 34 and

35 of RSIU-3M type.

The outside view of the measuring apparatus AERA-58 is

shown in Fig. 275. The entire apparatus is mounted in the two

cabinet legs of the table, on which on the left is the component

recorder, on the right - the phase recorder.

The disposition of the measuring apparatus AERA-58 in

helicopter MI-4 is shown in Fig. 104. The measuring apparatus 1

with recorders 2 is set up in the forward part of the helicopter

cabin. At the side, through an opening in the floor, the antenna

of the main signal receiver 3 can be brought out. The trailing

gondola 4 with winch 5 for the lowering of the gondola are

placed to the right of the helicopter's gravity center. Set up

in the trailing gondola are the magnetic field receiver and

preamplifier. Similar units are fitted inside the tail vibro-proof

system 6.

The experience of using station AERA-58 and the improvement

of exploration methods by its help have made it possible for the
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Institute of Mechanical Science and Automatics of AH Ukr.

SSR, jointly with L'vov Experimental Production of AH UkrSSR,

to develop and issue in 1960 a small series of the modernized

set of AERA-2 apparatus. By means of this apparatus, it is

possible to measure and record the amplitude and phase 
of

e.m.f. in the receiving coil (in relation to the comparative

voltage). This apparatus has been provided with the stepwise

adjustment of frequency pass band in the channels of amplitude

and phase recording, which raises the quality of parameter

recording on diagram tapes, calibration system, described in

para 10 of Chapter XIII, automatic frequency switching in the

gondola system. The construction of the mobile and ground

apparatus has also been improved, reliability of the operation

enhanced, etc.

The block diagram of the measuring apparatus is made:by using

synchronous reception circuits on FHD base. The recorders of

complex values are constructed on the principle of the block

diagram, shown in Fig. 213. The expanded block diagram of

apparatus AERA-2 is shown in Fig. 276. The entire apparatus

is made in the form of separate functional units - receiver

block, phase meter block, etc.

The measured field induces e.m.f. in the magnetic field

receiver (ferrite coil), signal from which arrives at the

input commutator and calibration circuits and at the input of

the gondola amplifier. Further on, the measured signal arrives

at the block of the selective amplifier and phase-shifting
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circuit. The type of work switch commutates the measuring

circuit automatically. It has 12 positions (see para 10, Chapter X):

1-4- operating frequencies: 5 - short-circuiting of the gondola

amplifier input; 6-9 calibration on four operating frequencies;

10-11 - active resistances equivalent to resonance resistance

of receiving coils (100 kohm and 1.2 Mohm); 12 - synchronisation

of step-by-step finders. The dash line shows coupling of the

type of work switch assembled on the step-by-step finder, with

similar finders in other blocks.

The comparative voltage is received by radio-channel from

the ground unit on one of the two frequencies in the apparatus

in the range 2-3 M-cps. The signal of carrier frequency, modulated

by the voltage of one of the four operating frequencies, arrives

at the receiver block, consisting of the main signal receiver,

selective amplifier and current stabilizer of the gondola amplifier.

Here this signal is demodulated and isolated as a comparative

voltage of the operating frequency. The two-way coupling with the

ground unit, required for quick work, is effected by means of the

master radio-station of the helicopter.

From the output of the rec.eiver's block, the comparative

voltage is delivered to the phase meter block, consisting of zero

setting device (non-graduated phase-invertor), measuring range

switch (graduated phase-invertor), amplifier, FHD limiter, LF-filters

and amplifier with transformation. The comparative voltage, in

the shape of rectangular impulses, controls FHD from the output

of the limiter circuit, thus providing for impulse-work.
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The voltmeter block consists of phase-detector (FHD), LF-

filter (FNH), adjustment circuit of time constant - , amplifier

with transformer and compensation circuit (rheochord, energized

by direct-current stabilized voltage). The blocks of amplitude

(modulus) and phase recorders are identical. They have reversive

and synchronous motors, marking the mechanisms of time breaks,

measuring range and guide marks. The mechanical coupling of

recorders with rheochords in the compensation circuit with the

even graduated phase-invertor and also with the measuring ranges

of the amplitude and phase, are shown in the diagram by dashes.

The levels of comparative voltage and measured signal are fixed by

meter V.

The phase and amplitude recorders operate in the same way as

in AERA-58. However, here the follow-up system of the phase recorder,

due to less extensive variation range of the input signals, does not

have the AGC circuit. Proportionality of amplitude indication in the

circuit of the amplitude recorder with FHD is obtained when the

voltage on it is in phase. With this aim the block of selective

amplifier is provided by phase-invertor at 90o

The calibration circuit, applied in AERA-2, is described in

para 10 of Chapter XIII (see Fig. 250). Used for calibration is a

control device with V- current supply stabilizer of the gondola

amplifier and the switch for the type of work.

The measuring unit of AERA-2 apparatus is made up as a single

cabinet, which can be easily carried over and set on the frame-

supprt 1 (Fig. 277). Into the cabinet, blocks 2-6 (2 - supply
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block; 3 - selective amplifier; 4 - phase meter; 5 - voltmeter;

6 - receiver) are inserted in the connectors. Each block in the

cabinet is fixed by four screws. Electric connections between

the blocks are made as braids, fitted in the rear of the cabinet.

here are also the connectors, through which the signals are fed to

the apparatus from the gondola amplifier (measured signal) and

from the radio-channel (main signal).

Fig. 277

The recorders of amplitude 7 and of phase 8 - are sinZle-

channel. The covers on recorders are removable for convenient

servicing.

The disposition of AERA-2 measuring apparatus in helicopter

MT-4 is identical to that of AERA-58. The only difference is

that AERA-2 has a mechanized winch with cable-cutter and the

construction of the gondola is to some extent improved. The

winch control is interblocked and can be effected both from the

measuring cabinet and from the winch itself. In the pilot's cabin
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is the switch for an emergency drop of the gondola. The receiving

system in the tail is not used in AERA-2.

The ground generating apparatus, with signal transmitter of

the main phase in AERA-2 and AERA-58, differs very little. In

respect of construction, it is more successful in AERA-2. The

composition of the ground unit of AERA-2 includes additionally:

the control of the main signal phase, master radio-station for

communication with the captain of the helicopter, electric power-

plant, etc. Fig. 278 shows the expanded functional diagram of the

ground unit. The output power amplifier 3 is cut in through the

output system 4 (resistance matching transformer, capacitances and

inductance box, take-off circuit of the main signal) to loading

grounded line AB. The amplifier 3 is activated pre-terminal follower

which receives the signal from the master oscillator of fixed

frequencies 1.

The main signal is emitted into other by means of a short-

wave transmitter, consisting of a master oscillator 24, amplifier-

doubler 25 and output power amplifier 25. The transmitter frequency

is stabilized by means of quartz KA and KB . Anode screen modulation

is effected in the output stage 26. The modulator consists of the

preamplifier 28, the pre-terminal amplifier 29 and the push pull

power amplifier 30. The main signal (Umod ) is fed to the modulator

from the output system 4 through the cathode follower 16 and phase-

invertor 17. The level of the modulator's main signal Umod= U is

controlled by a special voltmeter, which is also used in the

measuring circuit of the main signal.
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The circuit for phase control of the main signal consists

of FHD (11-14) with zero indicater. One FHD input receives

the main signal, picked-up from the other by the detecting

control receiver 7, which then passes through the amplifier 8,

the limiter 9 and the cathode follower 10 to the circuit of the

differential detector DD 11. To the second input of FHD is

delivered signal U2 , received from line AB and which consecutively

passes through the cathode follower 16, the phase-invertor 18,

the amplifier 15, the phase-invertor 14 and the cathode followers

12 and 13. The amplifier 19 and system 20 ensure automatic cut-out

of line AB with its breaking.

Key to Figure 278- .. _ k, Control

a, Transmitter; b Poauoepe am u detector;

b, Trans'mitter ea d 1, Amplifier
generator r( C= Yr I M.ocOcmu A i 6N3P;

G-411; e Y-MOP m, Amplifier,
c, AmplifierfRb 22g 06 reference,

G-411; \ ;3mepumen n dno n, Phase inver-

d, Ampl ifieru, 2 -- -- ter 1/2 6N3P;

power GK-71 6n318 L C o 1/26/2 63 , Amplifier
e, Rectifier I -- m - 1 - /2 6N3P;-- 15

+ 360V Li2 I ,--+ 300V p KP 1/2 6N3P;

5TSZS; ence 113ab 
q, Phase converter

signal a 1/2 6N3P;

amplifier Cea pru np u J r,hverter

;6H3 3oum2, 200 600 1/2 6N3P;
6PP; t 19 01720 5U3C 2 2 2 23

g, Modulator; 
s3n3r YcUlumenb MoWOCImu I s, Control voltmeter;

h , Preamplifpiere y i~. Mowbm Bb xodm e t, Amplifier'1/2 6N3P;

6PP I I 3 4 u, Protection diagram; v, Rectifier

i, Two-cycle BCKM -2208 ee + 250V; w, Rectifier -250V; x, Recti

am IpN Z 1KX9 7 ' rBr fier +600\; y, Transmitting genera-.

power, GU-5; cc tor; z, ZHES-9; aa, Power amplifier;

j, Rectifiers GU-50 cc bb, Preamplifier; cc, High voltag

+ 00VRectfers Fig. 278 rectifier; dd, Power amplifier;/

+ 26V; ee, Output device.

The radio-station 32 maintains communication with the

captain of the helicopter. The ground apparatus AERA-2 gets
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its current supply from an independent electric power plant 6

of JES-9 type through rectifiers 5;21;22;23;27;31.

Fig. 279

The disposition of the ground apparatus A RA-2 in the van of

truck ZIL-151 (without power plant) is shown in Fig. 279. In the

middle of the forward side of the van is placed the cabinet with

the power amplifier, the measuring block and the high-voltage

rectifier. To the right of the cabinet is the communicating radio-

station PSK-1A, to the left - the transmitter of the main signal

and master oscillator KZGF. The telescopic antenna for the main

signal transmitter is fitted outside in the front portion of the

van. The antennas of the radio-station and the controlling

detecting receiver are fitted on the roof of the van.

The basic technical specifications of the modernised set of

AERA-2 differ considerably from those of AERA-58 (Table 26).

4. Apparatus for the BDK method, worked out by IAE SO AN USSR

In the development of the apparatus for the BDK method, the
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aim was to modernize the available AERA-58 apparatus and to improve

its stability against noise. In this connection, the individual

elements and units of systems were investigated, new principal

diagram worked out, as well as the construction of the measuring

apparatus, the basic technical specifications of which are shown

below was carried out.

Ground Unit: Operating frequencies of the generating system:

81, 244, 488, 976, 1953 cps. Power of the generating unit at each

operating frequency with active load resistances 50; 100; 150; 200

and 300 ohm not less than 2 kwt. The radio-transmitter of the main

signal operates in the frequency range 36.0 to 46.1 Megacycles with

output power about 20 watts providing for the transmission of this

signal to the helicopter with its removal from the ground unit to

a distance of upto 40 km. There is a communicating radio-station.

Mobile Group; The horizontal component of the magnetic

field is measured by means of low-frequency reception antenna with

ferrite core tuned to the operating frequency. The antenna and

the preamplifier are meant for working in the temperature range

-25 - + 35 with relative humidity of the surrounding medium upto

80%.

The measuring system provides for the measuring and recording

of the modulus and phase shift related or components of the signal

from the horizontal component of the magnetic field of the relative

main signal coinciding in the phase with the cable current. The

minimum values of the magnetic field intensity, neasured on operating

frequencies, are as follows: for 81 cps - 4.10 - 5 a/m for 244 cps -

4.10-6, for 488; 976 and 1953 cps - 8.10 - 7 a/m. The maximum
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Charateristics. AERA-58 AERA-2 Remarks

Ground Unit

Operating frequencies, cps 81; 244; 976; 3904 244; 488; 976; 1952 In AERA-58 with frequenc-
3904 and length of cable
over 5 km matching of
power amplifier with
load is very poor.

Nominal output power (on active load), Upto 1.8 Upto 2.4

k-watt

Operating frequencies of main

signal transmitter Megacycles 38,3 and 39.4 2.21 and 3.33

Emitting power in antenna, v 80 100

Total power consumption, K-watt 6 6

Constructive features Transporting in- May be set and

trailers. Const- transported in

ruction not sec- vans GAZ-63 or
tional, hence not ZIL-151. Possi-

portable manually. ble to be carried
by hand and trans-
ported by helicopter.

Mobile (Airborne) Unit.

Operating frequencies, cps 81; 244; 976; 3904 244; 488; 976; 1952; In AERA-58, due to the
noise, level frequency
81 cps was not used be-
cause of the non-
matching of cable with

out-put power amplifier;
frequency 3904 cps was
also not used.
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Measurable quantities Phase angle and Phase angle and

component (active or modulus.

reactive).

Resonance sensitivity
Sr, v of reception

circ 7  on operating frequencies, cps:
81 0.44 - The receiving element in

244 3.75 4.63 AERA-2 is a coil with

488 - 7.13 ferrite 200 (ferrite has

976 15.0 21.25 a manganese addition).

1952 - 20.0

3904 18.0

Q-Coefficient of reception circuit on

operating frequencies, cps:
81 -

244 35 25
488 - 30
976 50 50
1952 - 50

3904 50 50

Lower working range in modulus

(component) measuring on operating

frequencies, mcv. 15 10

Upper working range of modulus

(component) measuring, mv. 5 100

Non-working zone in cable, km 2 1

Operating frequency switching
during survey Impossible Possible.

Possibility of calibration during Without estimate of With estimate of

helicopter flight. amplification coeffi- amplification co-
cients of elements in efficient of ele-
nndrnl ments in 2ondola.
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Reduced error of modulus 3% (with ratio of
(components) recording active and reactive

comnonents less than 3)

Ranges of modulus recording 6 9

Working range of phase recording, O - 40 - 30-0 - +30
degr.

Reduced error of phase recording,
degr. 1.5 1

Ranges of phase recording 6.2 12 Range switching by -300

Phase characteristics drift with temp-
erature variation of surrounding 1 0.1- 0.15

medium by 100 C, degr.

Power consumed from board network, Let-down of gondola

k-watt. 1.2 1.0 during helicopter flight:
for AERA-58 - by hand,
For AERA-2 - electric
winch and by hand.

Weight of apparatus without gondola
and winch, kg. 300 250
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measuring range of the magnetic field intensity on all operating

frequencies 4.10-2 01/m. The reduced fundamental error in any

measuring range does not exceed 3% in the modulus and 20 in the

phase. The apparatus provides for the measuring of the phase shift

within 0-3600.

The scale travel time of the pen-carriage in the phase and

components recorders does not exceed 1 sec. The measuring unit

has a device for graduating the measuring channels of the phase

and components. The selectivity of the measuring unit is not

below 40 db with detuning by 10%.

The current supply of the apparatus is from the network

of the helicopter 26 v; the maximum consumed power is not over

1 k-watt. The weight of apparatus is about 300 kg.

The phase characteristic of the main phase radio-receiver

in the low-frequency demodulated signal is stable - phase drift not

over 0.50 during 2 hrs of work. The error in phase transmission of

the main signal in telation to the current phase in the cable is

within 1.

Each of thetwo independent output voltages of the master

oscillator, adjustable by means of adjusting resistances within

0-20 v, is measured by the detecting voltmeter of mean values.

The master oscillator gets current supply through its own

stabilized rectifier.

The power amplifier is a four-stage, assembled on push-

pull circuit. The actuating voltage for obtaining nominal output

power should be about 250 v. The secondary winding of the output
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transformer is sectional and is estimated for matching with the

active load 50; 100; 150; 200 and 300 ohm. In series with the

grounded end of the secondary winding is the cut-in ammeter with

measuring range 7 a for current control in the cable. Since cable

resistance has inductive nature on operating frequencies, the power

amplifier is provided with a set of capacitance, connected in series

with the cable for compensating reactive load resistance.

The transmitter of the main phase signal in the BDK apparatus

is the standard UKV radio-station, working on fixed operating

frequencies 36.0 - 46.1 megacycles. The same radio-station is

set up on the helicopter for reception of the main signal. To

provide an assured reception of the signal at any point of the

survey area, an antenna with a circular directional characteristics

is used in the horizontal plane.

All the elements included in the ground unit are energized

by 220 v voltage with frequency 50 cps from the power plant of

the three-phase current with petrol engine.

The block diagram of the apparatus is shown in Fig.280.

The ground unit includes mobile power plant of three-phase current 1,

the master oscillator with quartz control of frequency 2, the vacuum-

tube power amplifier 3, the radio-transmitter of main signal 4 and

the radio-station for a two-way communication with the helicopter

5. The ground unit does not have a device for the phase control

of comparative voltage, by means of which it is possible to

determine and then to eliminate the additional phase shifts,

emerging in the radio-channel with the transmission of the main

phase. Compensation for these shifts in the apparatus is provided

only by means of elements, indluded in the mobile group.
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----------
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[ /'G , To the pilot]

Ground group 37 Onboard circuitd

Movable group J

Fig.280

The signal of the operating frequency from the output

of the master oscillator is delivered to the input of the power

amplifier and to modulator YKV-4M of the main signal radio-

transmitter. The circuit of the master oscillator permits adjustment

of each voltage separately. The fundamental frequency of the

quartz master oscillator is 7812 cps; the other operating frequencies

are obtained by deviding the main frequency by four in the first

divider ( to obtain frequency 1953 cps and by two in the second,

third and fourth dividers. In the fifth divider with division ratio

244
three, the working frequency of 81 cps ( -- 81 cps) is obtained.

Also used as dividers are the relaxation synchronized oscillators-

multivibrators.

The measured signal, received by the ferrite antenna 6 and

amplified by the preamplifier 8, is transmitted by wire-cable to

the input of the first amplifying stage 9. Block 7 serves to

tune into resonance the receiving ferrite antenna.
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The geophysical efficiency of the apparatus depends on

its actual sensitivity, determinable not only by the sensitivity

of the circuit adopted, i.e., by the minimum signal which could

be reliably recorded, but also by the extent of its being noise-.

proof. To obtain greater sensitivity to the field a high-sensitive

field receiver is required which should be provided with high

stability against noises with vibration nature and external electro-

magnetic interference. The measuring channel should have the

lower possible level of fundamental noises.

As a magnetic field receiver, the applicztion of a coil with

ferrite core is made tuned to the operating frequency for enhancing

its sensitivity and selectivity. However, in the tuning of the

antenna, control of the input phase errors is required, and also

the checking of the circuit's sensitivity from the voltage of the

measured field.

Bringing out of the field receiver and preamplifier into

the gondola, trailing during the survey at the length of the cable

(20-30M ), makes it possible to reduce to a considerable extent

the level of vibration noises. Placed into the gondola is also a

remote control device 7, permitting the oper:tor to switch-over

the tuning capacitances of the frame into resonance.

After the selective amplifier 11 (10-measuring range switch),

the signal is additionally amplified by amplifier 12, having linear

or logarith.mic curve. The presence of the logarithija amplifier

in the measuring channel simplifies the operator's work and improves

the obtainable data, specially in measurements, carried out near
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the lcying of the cable, i.e., where the normal cable field

sharply varies in intensity.

For the measuring phase, active or reactive components of

e.m.f., induced in the field receiver, and also for the building

up of coordinates, the radio-channel is used for transmitting the

main signal.

Due to the fact that, for obtaining high stability of the

apparatus against interference on low frequencies of the frequency

filters with high Q-coefficient and stability of the parameters

(52) is difficult, in these conditions the application for enhancing

interference-stability of theapparatus is of the correlation method

(synchronous detection). The synchronous detector with high time

constant of the output LF filter permits the attenuation of the

non-synchronous noise to a considerable extent ; this, however,

reduces the quick action, which is undesireable for the measuring

apparatus, set up on a moving object. Therefore, the time

constant of the filter has been seledted with an estimate of the

helicopter's speed. In this measuring circuit, the positive

properties of synchronous detecting are utilized, and to exclude

the noise effect from the frequencies, lying beyond the pass band,

prefiltering of the signal has been applied to commutation

condition of the detector, i.e., in this apparatus, as in others,

provision is made for the suppression, by filtering, of noises

remote from the working frequency and for the near ones - by corre-

lation method.

The application of synchronous detecting proposes the

recording of results in rectangular coordinates, as the voltage
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at the output of the synchronous detector is proportional to the

active or reactive component. In order to obtain the measuring

results in polar coordinates, while maintaining high interference

stability, assured by the synchronous detector, a scheme for the

conversion of Cartesian coordinates into polar ones, by means of

the device for mean-square adding (53), was adopted. With this aim

the direct voltage at the output of the two synchronous detectors

gets transformed into alternate current voltages (one of them turns

in the phase at 900). Since the voltages delivered at the accumulator

are in quadrature, the amplitude of the output signal will be

proportional to the square root from the sum of components square,

and the voltage phase at the output of the summating circuit in

respect of transformed voltage of the active component will be

equivalent to the phase of the measured signal. To measure the

phase shift of the signal, it is sufficient to measure the phase

shift between the commutating voltage and the voltage at the output

of the summating circuit.

From the output of the amplifier 12, two signals, one of

which is turned in the phase at 900 by the phase-invertor 13,

arrives simultaneously through the phase-inversion circuits 14

and 15 at the synchronous detectors 18 and 17, controlled by the

comparative voltage of rectangular shape. The output direct current

voltages of synchronous detectors are proportional to the active

and reactive components of the measured signal. Low-frequency

filters at the output of the detectors provide a pass band on

any operating frequency in the order of a few cps. The output

voltages of the detectors are measured and recorded by two automatic
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electronic compensators 18 and 19, based on standard automatic

bridges MSI-O1.

In measuring the modulus and phase, the constant current

output voltages of synchronous detectors get transformed into

alternate ones by means of semi-conductor transformers 20 and 21,

controlled by voltage from the output of the multivibrator 22,

operating on a frequency of about 750 cps. The alternate current

voltage with transformation frequency is separated, after the summma-

tion, the application is of the automatic compensator 18 which,

in this case, is cut out from the synchronous detector 16 of the

active component.

The direct voltage, proportional to the signal module, is

used for the automatic gain control of the logarithmic amplifier,

and also for the automatic switching of the measuring range.

The phase shifts are measured by the phase meter, based on

the phase detector 28. The voltages from the multivibrator and

summation circuit are put into the detector after the limiters

26 and 27. The recording of the phase is effected by switching over

the automatic compensator of the reactive component.

The comparative voltage, transmitted from the ground

apparatus to the helicopter, is received by the radio-receiver 29,

from the output of which after amplification by the selective

amplifier 30 it arrives at the two phase-adjusters 31 and 32,

constructed on the base of the VTM type revolving transformers.

The phase-adjusters assure even phase variation of the received

main signal within 0-3600. At the synchronous detectors, the main

signal arrives from the output of the phase-adjuster 32 after
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the limiter 33.

The phase meter is estimated to measure the phase shifts

within the range 0-30 . For measuring higher angles, the use of

the phase regulator 32 is made, by means of which it is possible

to bring in a prefixed phase shift ( for instance of 300 and hence

every 300). With its use, it is also possible to combine the phase

of the main signal with the current phase in the cable.

To enhance the accuracy of measurements, the apparatus is

provided with a special graduating device, consisting of an auxiliary

frame 34, inductiviely coupled with the receiving frame 6, the

graduated phase regulator 31, connected in the channel of the

comparative voltage, the voltmeter 35 and the attenuator 36. By

means of this system, a field with a known phase is generated and

the intensity and the amplitude and phase characteristics of the

measuring channel as a whole are checked for measuring with an error

in the amplitude upto 2% and in the phase upto 1.

The current supply of the entire measuring unit is obtained

from the helicopter's network with voltage 27 v, filament circuits -

directly from the network, other circuits through transformers 37,

38 and 39. The transformers 38 and 39 ( frequency 125 cps) are

used for the current supply of vibrotransformers and synchronous

motors of recorders. The aviational ttansformer 37 with power

500 va, voltage 115 v and frequency 400 cps, serves to supply the

current for the stabilized rectifier 40 ( supply of anode-screen

circuits of measuring apparatus).

The communication of the mobile unit with the ground one

is through the radio-station of the helicopter 41. For automatic
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fixing of time breaks on recorder tapes, indicating simultaneously

the measuring range, guide marks and automatic switching of measuring

range, block 42 is used. The control of recording guide marks is

brought out on the navigator's panel.

The principal circuits of the main units of the apparatus

are described in sufficient details in (118), therefore they are

not discussed here. All the functional blocks of the measuring

apparatus in the mobile group (measuring of main signal, rectifier,

automatics and two recording blocks) are set up in a special cabinet

and field to the floor by means of bolts and antidrag wires. Near

the crew cabin the winch and the lowering system are set up. The

supply block is placed above the battery compartment, and the next

transformer PO-500. The antenna of the main signal receiver is

fixed on the tail beam of the helicopter. The measuring cabinet

is joined to other elements of the mobile group by means of

flexible hoses and connectors.

For an emergency drop of the gondola, there is a cable-cutter,

controlled from the cabin by the pilot. The pilot can also cut out

the supply of the entire measuring apparatus and of the winch.

5. Correlation of survey results to locality

In geophysical investigations, the main practical interest

and definite value are only of the data connected with the

coordinates of the selected ground points or completely correlated

with the locality of aerial electric prospecting.
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The apparatus of aerial electric prospecting usually

carries out continuous recording of measured parameters, shown in

the form of curves. Therefore, all the points of the curve should

refer to the corresponding points in the locality and, moreover, the

altitude of the survey should be known. This means that, in aerial

electric prospecting, as in the other aerogeophysical methods of

mineral prospecting, it is necessary to carry out planimetric and

altitude tying to the locality.

The chief methods of planimetric tie-in are visual tying,

aerial photo-survey and radio-navigation. The first is usually

carried out by the navigator of the aircraft in visual orientation

from topographic of the locality or directly in the locality with

the use of navigation devices of low accuracy; the second, by tying

prints of photosurvey of the locality and the third - by means of

special radionavigation devices.

As a result of planimetric tying, regardless of how it was

effected, a map of the route, travelled by the aircraft during the

operation of the airborne electric prospecting apparatus, is

obtained.. Plottig of recorded,:parameters, syncronizing time break

and guide marks on the curve permits referring the curves to certain

segments of the aircraft route and to reduce them to the scale of

the mape of the survey area.

With visual tying the instants of passing above the landmarks

are fixed by the navigator, as a rule, visually. The navigator

presses the button switch of the remote marker of landmarks and

on the tape of the recorder a corresponding mark appears. The passed
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landmarks, the time of passing them and their number are entered

in the plane log-book and marked onthe field map. The geophysicist

operator usually records on the tape the main points about the

landmark.

The technique and methods of visual tying are, on the

whole, simple, require attention and effort of the navigator. The

reading errors in visual tying are at best 10-30 m.

In the absence of special radio-navigation means for

piloting, there are frequently considerable deviations of the actual

aircraft route from thecourse preset on the map, i.e., there are

navigational errors during the flight along the profile. These

errors are specially appreciable when the aerial survey is carried

out in the taiga, open steppes without any landmark mountain areas,

in survey with rounding of relief and intensive turbulence of air

masses. Photo-tying has the best indicating quality. In comparison

with visual photo-tying, taking photo prints of a locality, has a

number of advantages the possibility of recording all the landmarks

along the survey route and considerably greater accuracy of having

them fixed the objective documentation of tying the possibility of

controlling the results of the photosurvey and the use of differences

imperceptible to the eye, in the coloring of the locality(spectrozonal

film). Photo-tying is effected by wide-angle cameras, since it is

highly important to obtain the maximum possible "capture" of the

locality and small scale aerial photographs. This constitutes

its difference from the usual aerial photo-survey.



- 732 -

a Key to Figure 281-- . .. --- .I -l-p.I , heepe 1

c\ n (4) a, Switch;
I - ~----_-- b, Phase meter 1.

-v--- v, Phase meter 2-/

r-----------
e.4 1lp.3 flp.4 I 2+

I f I I

I I

However, in composite geographical conditions photo-tying

without the juide marks is practicallyinapplicable. In this

condition the only method for direct tying of the aircraft routes and

data of airborne electric prospecting apparatus, set up on it, is the

radio navigation method or the method of radio-geodesical tying. Radio-

nevigation means for planimetric tying are, naturally, more complicated

than the above indicated, as a rule, they are costly and bulky, require

a considerable number of serving personnel and their accuracy as far is

comparatively low.
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An example of radio-geodesic tying, which is most popular

and could be used in aerial electric prospecting, is the radio-navigation

system (142)., the block diagram of which is shown in Fig: 281. The

system consists of three ground base transmitting 
radio-stations and

one retransmitting installation and also of the apparatus 
set up on the

aircraft.

The operating principle of the system consists of the following.

The central doublcd base transmitter 1 emits alternately high-frequency

oscillations of two different fixed frequencies fl and f2, with average

switching frequency 6 cps. Two other single basic transmitters 2 and 3

continuously emit corresponding frequencies fl + fl and f2 * where fl

and t. f2 - low frequencies. Thus, at fl = 2510 k-cps we have 6, fl=400

cps, at f = 2600 k-cps A f2 = 600 cps. Coordinates of the ground

installation of the three transmitters should be known.

At some land point, the coordinates of which should be known

even approximately, is installed a retransmitter 4, consisting of two

receivers Pr. 3 and Pr. 4, tuned respectively to frequencies fl and f2

and trransmitter Per.4, the carrier frequency F of which is quite

distinct from frequencies fl and f2'

The retransmitting installations 4 serves to obtain the main

phase, During the intervals when the central station 1 
emits

oscillations with frequency fl, the receiver Pr.3 receives simultaneously

signals with frequencies fl and fl 1+ fl and separates at the output

oscillations with differential frequency L f1, which after passing

through low-frequency filter F1 are delivered to modulator stage of

retransmitter Per.4.
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Thus, the carrier frequency F of the retransmitter Per.4 is

alternately medulated by frequencies L\ fl and A f2. Set up on

the aircraft is a mobile station 5 with three receivers (Pr.1, Pr.2, Pr.5)

tuned respectively to frequencies fl' f2 and F. At the output of the

receivers are cut in low-frequency filters F, which separate the

signals of differential frequency L fl, and N f2 arriving therefore

into two recordingphase meters.

A
At the moment of send-off by the central transmitter Per. 1

of the signal with frequency fl the receivers Pr.1 and Pr.5 separate

oscillations with differential frequency & f1 , which are compared

in the phase in the first phase meier. At the instant of send-off by

the central transmitter Per. 1b of the signal with frequency f2 receivers

Pr.2 and Pr.5 separate oscillations with differential frequency a f2,

which are also compared by the phase in the second phase meter.

The difference of phases measured in phase meters depends on

the difference in the distance between the mobile object and ground

base stations. With the motion of the aircraft, inthe field of base

stations continuous increment of phase shifts occurs, which phase-shift

are recorded by phase meters. Then all the obtained data are plotted

by a special method on the working map of the locality.

This system of radio-geodesical tying is bulky; therefore,

development of more compact, comparatively simple systems, not requiring

the spread of ground stations, is being carried out. Apparently the

systems based on doppler effect (26, 165), will become the most widely

adopted in aerial electric prospecting.
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Altitude tying in aerial electric prospec':ing is usually

effected by means of barometric or radio-technical altimeters, which

fix barometric or true altitude respectively in the form of continuous

or periodic recordings (curves) on the tapes of recorders.
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